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A s tudy  of  i n t e r p a r t i c l e  adhesion in  p ha rm aceu t i ca l  powder m ix tu re s .
by Steven Laycock
s ubm i t ted  f o r  the  degree of  Doctor  of  P h i lo s o p h y ,  September 1987.
A tec h n iq ue  used to  produce t h e r m o e le c t r e t s  and t e s t  f o r  t h e i r  
presence i s  d esc r ibe d  and i t s  o p e r a t i o n  v e r i f i e d  by the  use of  
carnauba wax, a m a te r ia l  known t o  produce t h e r m o e le c t r e t s .  The 
a b i l i t y  o f  c e l l u l o s e  based t a b l e t i n g  e x c i p i e n t s ,  A v i c e l  PH102 and 
Elcema 6250, t o  form th e r m o e le c t r e t s  i s  demonst ra ted .
The magni tude of  the  e l e c t r e t  charge in  A v i c e l  PH102 and Elcema 
6250 has been measured using t h e r m a l l y  s t im u la t e d  d ischa rg e  c u r r e n t  
(T5DC) and maximum d is charge  c u r r e n t s  of  a p p ro x im a te ly  4x10“ ** 
amperes reco rded  compared to  base l i n e  c u r r e n t s  of  l e s s  than 5 x 1 0 " ^  
amperes. The e l e c t r e t  charge in  Elcema 6250 i s  shown to  be 
measurable,  us ing  TSDC, f o r  a p e r io d  approach ing s i x t y  days using  
samples wrapped in  a luminium f o i l ,  in  ve ry  low h u m id i t y  atmospheres.  
The a d s o r p t i o n  of  atmospher ic  m o is tu re  des t royed  the  e l e c t r e t  charge 
w i t h i n  a two hour p e r io d .
An image a n a l y s i s  system was deve loped ,  based around a slow scan 
v ideo  d i g i t i s i n g  i n t e r f a c e  and a BBC model "B" microcomputer  w i th  
a d d i t i o n a l  memory. An image a n a l y s i s  techn ique  was developed which 
overcame the  depth of  f i e l d  l i m i t a t i o n  of  c o n v e n t io n a l  l i g h t  
m ic roscopy .  A sequence of  d i g i t i s e d  images,  a t  d i f f e r e n t  l e v e l s  of  
focus  th rough an Elcema 6250 p a r t i c l e  w i th  <UV) f l u o r e s c i n g  adherent  
t r i a m t e r e n e  p a r t i c l e s ,  was used to  c o n s t r u c t  a d i g i t i s e d  image in  
which a l l  t he  adherent  p a r t i c l e s  were focused.  Th is  ' f o c u s e d '  image 
a l lowed  the  s i z e ,  l o c a t i o n  and d i s t r i b u t i o n  of  the  adherent  p a r t i c l e s  
to  be reco rd ed .
A c e n t r i f u g a t i o n  techn iq ue  was used to  app ly  a s e p a ra t in g  f o r c e  
t o  the  adheren t  p a r t i c l e s  in  s i n g l e  o rdered  u n i t s  of  a b i n a r y  powder 
m ix tu re  of  Elcema 6250 and t r i a m t e r e n e .  Elcema 6250 was processed in  
f o u r  d i f f e r e n t  ways and the  e f f e c t  o f  the  p rocess ing  examined by 
d e te rm in in g  the  p a r t i c l e  adhesion p r o f i l e s .  The image a n a l y s i s  
method above was used to  reco rd  the  number and s i z e  of  adherent  
p a r t i c l e s  b e fo re  and a f t e r  c e n t r i f u g a t i o n .  The p a r t i c l e  adhesion 
p r o f i l e s  genera ted  showed t h a t  the  adhes ionc^t r iamterene p a r t i c l e s  was 
s i g n i f i c a n t l y  g re a te r  f o r  e l e c t r i s e d  Elcema 6250 than f o r  s tand a rd ,  
mo is t  or d r i e d  Elcema 6250.
Keywords
E l e c t r e t ,  T h e r m o e le c t r e t , Therma l l y  S t im u la te d  D ischarge C u r re n t ,  
TSDC, Image A n a l y s i s ,  I n t e r p a r t i c l e  Ahesion Fo rces ,  Ordered M ix in g ,  
C e n t r i f u g a t i o n ,  E l e c t r o s t a t i c  Charg ing .
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t h e r m o e le c t r e t s  d u r ing  TSDC.
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4 .3 .  T o ta l  c ross  s e c t i o n a l  area ( i n  p i x e l s )  of  p a r t i c l e s  230
rema in ing  a f t e r  c e n t r i f u g a t i o n  as measured fay proc ANALYSE 
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area of  adherent  p a r t i c l e s  rema in ing  a f t e r  c e n t r i f u g a t i o n .
4 .7 .  Number of  adherent  p a r t i c l e s  remain ing  a f t e r  
c e n t r i f u g a t i o n .  Ad jus ted  f o r  d i f f e r e n c e s  in  the  c ross  
s e c t i o n a l  area of the  Elcema G250 c a r r i e r  p a r t i c l e s  using 
the ambient c a r r i e r  p a r t i c l e  as u n i t  r e f e r e n c e .
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adherent  p a r t i c l e s  rema in ing  a f t e r  c e n t r i f u g a t i o n .
Ad jus ted  f o r  d i f f e r e n c e s  in  the  c ross  s e c t i o n a l  area of 
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4 .9 .  Number of  adherent  p a r t i c l e s  rema in ing  a f t e r  
c e n t r i f u g a t i o n  vs r o t o r  speed. Values have been expressed 
as a percentage of the  number o f  ambient adherent  p a r t i c l e s  
a t  each r o t o r  speed.
4 .10 .  T o ta l  c ross  s e c t i o n a l  area of  adherent  p a r t i c l e s  
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each r o t o r  speed.
A l . l .  Radius of  the  o r b i t a l  and co r respond ing  energy l e v e l s  
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1.1.  Schemat ic  r e p r e s e n t a t i o n  of  an unmixed powder bed. The 47
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e x a c t l y  i f  i t  i s  known where the  sample was taken f rom.
1.2.  Schematic r e p r e s e n t a t i o n  of  the  powder bed shown in  48
F ig u re  1.1 a f t e r  pro longed  m ix ing  by random processes.
The com pos i t io n  of  a sample f rom t h i s  powder bed cannot  
be e x a c t l y  known, however,  the  p r o b a b i l i t y  of  a sample 
c o n t a in i n g  a g iven r a t i o  of  the  two types  of  p a r t i c l e  can 
be c a l c u l a t e d .
1.3.  Schemat ic  r e p r e s e n t a t i o n  of  the  mechanism of  shear m ix ing .  49
1.4.  Schematic r e p r e s e n t a t i o n  of  the  mechanism of  d i f f u s i v e  50
powder m ix ing .
1.5.  Schematic r e p r e s e n t a t i o n  of  the  mechanism of  c o n v e c t i v e  51
m ix ing .
1.6.  Schematic r e p r e s e n t a t i o n  of  an o rdered  powder m ix tu re  due 52
to  f i n e  p a r t i c l e s  adher ing  to  the  s u r fa c e  of  l a r g e r
c a r r i e r  p a r t i c l e s .
1.7.  Format ion of  an e l e c t r i c  doub le l a y e r  in  s o l i d  d i e l e c t r i c s .  52
Befo re  c o n t a c t ,  no e l e c t r o s t a t i c  charge i s  p r s e n t .  A f t e r  
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o b j e c t i v e  lens  of  a microscope.
1.9.  I s o m e t r i c  p r o j e c t i o n  of the  b r i g h t n e s s  of  a d i g i t i s e d  image 54
of  an Elcema G250 p a r t i c l e  w i t h  adh e ren t ,  f l u o r e s c i n g  
t r i a m t e r e n e  p a r t i c l e s .  The b r i g h t  areas in  the  image are 
rep resen ted  by the  peaks and correspond to  adherent  p a r t i c l e s  
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t r i a m t e r e n e  p a r t i c l e s  which are no t  f u l l y  focused and the  
background f lu o re s c e n c e  of  the  Elcema G250.
1.10.  I s o m e t r i c  p r o j e c t i o n  of  the  d i g i t i s e d  image shown in  55
F ig u re  1.9 a f t e r  the  a p p l i c a t i o n  of  c o n t r a s t
enhancement as desc r ibed  in  Chapter  1, 1 .6 .2 .
1.11.  E f f e c t  of  low le v e l  w h i te  n o ise .  I s o m e t r i c  p r o j e c t i o n  of  56
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2.25.  A i r gap TSDC of a d r ie d  A v i c e l  PH102 compact . 116
2.26.  A i r gap TSDC of an e l e c t r i s e d  A v ice l PH102 compact . 116
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PH102 compact . 118
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2.29 .  A i r  gap TSDC of  an e l e c t r i s e d  A v ic e l  PH102 compact.
The compact was 2 .95 mm in  t h i c k n e s s .
2.30.  A i r  gap TSDC of  an e l e c t r i s e d  A v ic e l  PH102 compact.
The compact was 4 .3  mm in  t h i c k n e s s .
2.31.  A i r  gap TSDC of  an e l e c t r i s e d  A v ic e l  PH102 compact.
The compact was 5.8mm t h i c k .
2.32.  Contact  TSDC of  an unprocessed Elcema 6250 compact .
2.33 .  Contact  TSDC of  an unprocessed Elcema 6250 compact.
2.34.  Contact  TSDC of a d r i e d  Elcema 6250 compact .
2.35 .  A i r  gap TSDC of  an unprocessed Elcema 6250 compact.
2.36.  A i r  gap TSDC of  an e l e c t r i s e d  Elcema 6250 compact .
The compact was powdered be fo re  TSDC.
2.37.  A i r  gap TSDC of  an e l e c t r i s e d  Elcema 6250 compact . The 
compact was e l e c t r i s e d  w i th  the  upper e l e c t r o d e  at  a 
n eg a t i v e  p o t e n t i a l  and the  lower e l e c t r o d e  a t  ground 
p o t e n t i  a l .
2.38 .  A i r  gap TSDC of  an e l e c t r i s e d  Elcema 6250 compact . The 
compact . The compact was e l e c t r i s e d  w i th  the  upper 
e l e c t r o d e  a t  a p o s i t i v e  p o t e n t i a l  and the  lower e l e c t r o d e  
at  ground p o t e n t i a l .
2.39 .  A i r  gap TSDC of  an e l e c t r i s e d  Elcema 6250 compact . The 
compact was e l e c t r i s e d  w i th  the  upper e l e c t r o d e  a t  
n eg a t i v e  p o t e n t i a l  and the  lower e le c t r o d e  a t  ground 
p o t e n t i a l .  The e l e c t r i s e d  compact was then wrapped in  
a luminium f o i l  and s to red  f o r  a p p ro x im a te ly  15 hours 
under ambient a tmospher ic  c o n d i t i o n s .
2.40.  A i r  gap TSDC of an e l e c t r i s e d  Elcema 6250 compact . The 
compact was e l e c t r i s e d  w i th  the  upper e l e c t r o d e  at  
p o s i t i v e  p o t e n t i a l  and the  lower e l e c t r o d e  a t  ground 
p o t e n t i a l .  The e l e c t r i s e d  compact was then wrapped in  
a luminium f o i l  and s to red  f o r  a p p ro x im a te ly  15 hours 
under ambient a tmospher ic  c o n d i t i o n s .
2 .41 .  Contact  TSDC of  an e l e c t r i s e d  Elcema 6250 compact . The 
compact was exposed to  ambient a tmospher ic  c o n d i t i o n s  
f o r  a p p ro x im a te ly  20 hours ,  w i t h o u t  the  p r o t e c t i o n  of 
a lumin ium f o i l ,  p r i o r  t o  TSDC. Heat ing  r a t e  2*C min” * .
2.42. A i r  gap TSDC of  an e l e c t r i s e d  Elcema 6250 compact . The 
compact was exposed to  ambient  a tmospher ic  c o n d i t i o n s  
f o r  a p p ro x im a te ly  40 hou rs ,  w i t h o u t  the  p r o t e c t i o n  of  
a luminium f o i l ,  p r i o r  to  TSDC. Heat ing  r a t e  2 #C min~*.
2.43.  Contact  TSDC of an e l e c t r i s e d  Elcema 6250 compact . The 
compact was s t o r e d ,  wrapped in  a lumin ium f o i l ,  in  a i r  
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2 .44 .  Contac t  TSDC of  an e l e c t r i s e d  Elcema 6250 compact . The 126
compact was s t o r e d ,  wrapped in  a luminium f o i l ,  in  a i r
d r i e d  by phosphorous pen tox ide  f o r  25 hours p r i o r  t o  TSDC.
2 .45 .  Contac t  TSDC of  an e l e c t r i s e d  Elcema G250 compact . The 127
compact was s to r e d ,  wrapped in  a luminium f o i l ,  in  a i r
d r i e d  by phosphorous p en tox ide  f o r  72 hours 20 minutes 
p r i o r  t o  TSDC.
2 .4 6 .  Contac t  TSDC of  an e l e c t r i s e d  Elcema 6250 compact . The 129
compact was s t o r e d ,  wrapped in  a luminium f o i l ,  in  a i r
d r i e d  by phosphorous p en tox ide  f o r  114 hours p r i o r  t o  TSDC.
2 .47 .  Contac t  TSDC of an e l e c t r i s e d  Elcema 6250 compact . The 129
compact was s t o r e d ,  wrapped in  a lumin ium f o i l ,  in  a i r
d r i e d  by phosphorous pen tox ide  f o r  408 hours p r i o r  t o  TSDC.
2 .48 .  Contac t  TSDC of  an e l e c t r i s e d  Elcema 6250 compact . The 130
compact was s t o r e d ,  wrapped in  a lumin ium f o i l ,  in  a i r
d r i e d  by phosphorous pen tox ide  f o r  499 hours p r i o r  t o  TSDC.
2 .49 .  Contac t  TSDC of an e l e c t r i s e d  Elcema G250 compact . The 131
compact was s to r e d ,  wrapped in  a luminium f o i l ,  in  a i r
d r i e d  by phosphorous pen tox ide  f o r  503 hours p r i o r  t o  TSDC.
The i n v e r s i o n  of  t h i s  t r a c e  compared to  F ig u re s  2 .4 3 -  2.48 
i s  due to  the  o r i e n t a t i o n  of  the  compact in  the  d is charge  
c e l l .
2 .50 .  Contact  TSDC of  an e l e c t r i s e d  Elcema 6250 compact . The 132
compact was s t o r e d ,  wrapped in  a lumin ium f o i l ,  in  a i r
d r i e d  by phosphorous p en to x id e  f o r  576 hours p r i o r  t o  TSDC.
2 .51 .  Contac t  TSDC of an e l e c t r i s e d  Elcema G250 compact . The 133
compact was s t o r e d ,  wrapped in  a luminium f o i l ,  in  a i r
d r i e d  by phosphorous p e n tox ide  f o r  957 hours p r i o r  t o  TSDC.
2 .52 .  Contac t  TSDC of  an e l e c t r i s e d  Elcema 6250 compact . The 134
compact was s t o r e d ,  wrapped in  a lumin ium f o i l ,  in  a i r
d r i e d  by phosphorous p e n tox ide  f o r  1370 hours p r i o r  t o  
TSDC.
2 .53 .  Contac t  TSDC of  an e l e c t r i s e d  Elcema G250 compact . The 135
compact was s to r e d ,  wrapped in  a luminium f o i l ,  under
vacuum f o r  0 hours p r i o r  to  TSDC.
2 .54 .  Contac t  TSDC of  an e l e c t r i s e d  Elcema 6250 compact . The 135
compact was s t o r e d ,  wrapped in  a lumin ium f o i l ,  under
vacuum f o r  70 hours p r i o r  to  TSDC.
2 .55 .  Contact  TSDC of  an e l e c t r i s e d  Elcema G250 compact . The 136
compact was s to r e d ,  wrapped in  a lumin ium f o i l ,  under
vacuum f o r  107 hours 10 minutes  p r i o r  t o  TSDC.
2.56 .  Contact  TSDC of  an e l e c t r i s e d  Elcema G250 compact . The 137
compact was s t o r e d ,  wrapped in  a lumin ium f o i l ,  under
vacuum f o r  214 hours p r i o r  t o  TSDC.
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2.57 .  Contact  TSDC of  an e l e c t r i s e d  Elcema 6250 compact . The 
compact was s to r e d ,  wrapped in  a luminium f o i l ,  under 
vacuum f o r  663 hours p r i o r  t o  TSDC.
2.58.  Contac t  TSDC of  an e l e c t r i s e d  Elcema G250 compact . The 
compact was s to red  at  557. r e l a t i v e  h u m id i t y  f o r  two hours 
t h i r t y  minutes p r i o r  to  TSDC. U n l i k e  compacts s to red  in  
low h u m id i t y  env i ronments ,  the  compacts s to re d  at  557. 
r e l a t i v e  h u m id i t y  were not  wrapped in  a lumin ium f o i l .
2 .59 .  Schemat ic  r e p r e s e n t a t i o n  of  the  th r e e  types  of  e l e c t r e t  
t h a t  can be formed due to  the  presence of  d i p o le s  or
a charge c a r r y i n g  sp ec ies .  Note t h a t  a l l  t h r e e  types  of 
charge s to rag e  mechanism can be p resen t  s im u l t a n e o u s l y .
2.60.  Schematic r e p r e s e n t a t i o n  of  the  change in  induced charge 
and the  r e s u l t i n g  d is charge  c u r r e n t  f o r  an e l e c t r e t  w i th  
a s i n g l e  charg ing  mechanism.
2.61.  Schemat ic r e p r e s e n t a t i o n  of  the  change in  induced charge 
and the  r e s u l t i n g  d is ch arg e  c u r r e n t  f o r  an e l e c t r e t  w i th  
charge s to rage  mechanisms. The p o s s i b l e  com b ina t ions  are 
d i p o l e /  charge s e p a ra t io n  or two d ip o le s  or  separa ted 
charge c a r r i e r s  w i th  d i f f e r e n t  a c t i v a t i o n  e n e rg ie s .
2.62 .  Schemat ic  r e p r e s e n t a t i o n  of  the  change i n  induced charge 
and the  r e s u l t i n g  d ischarge  c u r r e n t  f o r  an e l e c t r e t  w i th  
two charge s to rage  mechanisms. N.B. the  presence of 
p o s i t i v e  and n eg a t i ve  peaks i n d i c a t e s  t h a t  the  
comb ina t io ns  of  charge s to rag e  mechanisms p o s s i b l e  are 
e i t h e r  d ip o le / s p a c e  charge or charge s e p a ra t io n / s p a c e  
charge.
2 .63.  Chemical s t r u c t u r e  of  the c e l l u l o s e  mo lecu le .
3 .1 .  Connect ion  d e t a i l s  f o r  the  Microeye i n t e r f a c e  to  BBC user 
p o r t  us ing the  su pp l ie d  s o f tw a re .  The s u p p l ie d  cab le  
cou ld  o n l y  be f i t t e d  one way round due to  the  d i f f e r e n t  
p lug  f i t t i n g s  used at  each end of  the  c a b le .
3 .2 .  Schemat ic  r e p r e s e n t a t i o n  of  the  image a n a l y s i s  system used 
to  process the  d i g i t i s e d  images. The arrows denote the  
d i r e c t i o n  of  data f l o w .
3 .3 .  Memory map of  the  BBC model 'B '  mic rocomputer  showing 
a l l o c a t i o n  of  sideways memory f o r  rams and ram.
3 .4 .  M o d i f ie d  connec t ion  d e t a i l s  f o r  the  Microeye i n t e r f a c e  
to  BBC user p o r t  and 1MHz bus.  Th is  m o d i f i c a t i o n  was 
made to  a l lo w  a l l  8 b i t s  of  the  d i g i t i s e d  grey  l e v e l  to  
be read i n t o  the  BBC mic rocomputer .  The m o d i f ie d  cab le  
was made by s o ld e r i n g  a second r i b b o n ,  f i t t e d  w i th  a 1MHz 
bus s o c k e t ,  to  the  microeye connec to r .  Th is  m o d i f i c a t i o n  
was on ly  p o s s ib le  because no o th e r  dev ices  were connected 













3.5 .  I s o m e t r i c  p r o j e c t i o n  of the  b r i g h t n e s s  of  the  d i g i t i s e d  177 
image of  an Elcema G250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .5 .  Focus p o s i t i o n  a t  00 f i n e
focus d i v i s i o n s .
3 .6 .  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h t n e s s  of  the  d i g i t i s e d  178
image of  an Elcema 6250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .6 .  Focus p o s i t i o n  a t  10 f i n e  
focus  d i v i s i o n s .
3 .7 .  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h t n e s s  of  the  d i g i t i s e d  179
image o f  an Elcema 6250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .7 .  Focus p o s i t i o n  a t  20 f i n e
focus d i v i s i o n s .
3 .8 .  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h t n e s s  of  the  d i g i t i s e d  180
image of  an Elcema G250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .8 .  Focus p o s i t i o n  a t  30 f i n e  
focus d i v i s i o n s .
3 .9 .  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h t n e s s  of  the  d i g i t i s e d  181
image of  an Elcema G250 p a r t i c l e  w i t h  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .9 .  Focus p o s i t i o n  at  40 f i n e  
focus d i v i s i o n s .
3.10.  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h t n e s s  of  the  d i g i t i s e d  182
image of  an Elcema 6250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .10 .  Focus p o s i t i o n  a t  50 f i n e  
focus d i v i s i o n s .
3.11.  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h t n e s s  of  the  d i g i t i s e d  183
image of  an Elcema G250 p a r t i c l e  w i t h  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .11 .  Focus p o s i t i o n  a t  60 f i n e  
focus  d i v i s i o n s .
3.12.  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h t n e s s  of  the  d i g i t i s e d  184
image of  an Elcema G250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .12 .  Focus p o s i t i o n  a t  70 f i n e  
focus d i v i s i o n s .
3.13.  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h tn e s s  of  the  d i g i t i s e d  185
image of  an Elcema 6250 p a r t i c l e  w i t h  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .13 .  Focus p o s i t i o n  a t  80 f i n e  
focus d i v i s i o n s .
3.14.  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h t n e s s  of  the  d i g i t i s e d  186
image of  an Elcema 6250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .14 .  Focus p o s i t i o n  at  90 f i n e  
focus  d i v i s i o n s .
3.15.  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h t n e s s  of  the  d i g i t i s e d  187
image of  an Elcema 6250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .15 .  Focus p o s i t i o n  a t  100 f i n e  
focus  d i v i s i o n s .
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3.16.  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h tn e s s  of  the  d i g i t i s e d  188
image of  an Elcema 6250 p a r t i c l e  w i t h  adherent  t r i a m te r e n e
p a r t i c l e s  shown in  P la te  3 .16 .  Focus p o s i t i o n  a t  110 f i n e  
focus  d i v i s i o n s .
3 .17 .  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h t n e s s  of  the  d i g i t i s e d  189
image of  an Elcema G250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .1 7 .  Focus p o s i t i o n  a t  120 f i n e  
focus  d i v i s i o n s .
3 .18.  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h tn e s s  of  the  d i g i t i s e d  190
image of  an Elcema G250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .18 .  Focus p o s i t i o n  a t  130 f i n e  
focus  d i v i s i o n s .
3 .19 .  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h tn e s s  of  the  d i g i t i s e d  191
image of  an Elcema G250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .19 .  Focus p o s i t i o n  a t  140 f i n e  
focus  d i v i s i o n s .
3 .20.  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h tn e s s  of  the  d i g i t i s e d  192
image of  an Elcema G250 p a r t i c l e  w i t h  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .20 .  Focus p o s i t i o n  a t  150 f i n e  
focus  d i v i s i o n s .
3 .21 .  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h tn e s s  of  the  d i g i t i s e d  193
image of  an Elcema G250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .21 .  Focus p o s i t i o n  a t  160 f i n e  
focus  d i v i s i o n s .
3 .22 .  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h tn e s s  of  the  d i g i t i s e d  194
image of  an Elcema G250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .2 2 .  Focus p o s i t i o n  at  170 f i n e  
focus  d i v i s i o n s .
3 .23 .  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h t n e s s  of  the  d i g i t i s e d  195
image of  an Elcema G250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .23 .  Focus p o s i t i o n  at  180 f i n e  
focus  d i v i s i o n s .
3 .24.  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h tn e s s  of  the  d i g i t i s e d  196
image of  an Elcema G250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .24 .  Focus p o s i t i n  a t  190 f i n e  
focus  d i v i s i o n s .
3 .25 .  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h t n e s s  of  the  d i g i t i s e d  197
image of  an Elcema G250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .2 5 .  Focus p o s i t i o n  a t  200 f i n e  
focus  d i v i s i o n s .
3 .26 .  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h tn e s s  of  the  d i g i t i s e d  198
image of  an Elcema G250 p a r t i c l e  w i t h  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .26 .  Focus p o s i t i o n  a t  210 f i n e  
focus  d i v i s i o n s .
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3 .27 .  I s o m e t r i c  p r o j e c t i o n  of the  b r i g h tn e s s  of  the  d i g i t i s e d  
image of  an Elcema G250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  shown in  P la te  3 .27 .  Focus p o s i t i o n  at  220 f i n e  
focus d i v i s i o n s .
3 .28 .  I s o m e t r i c  p r o j e c t i o n  of  the  b r i g h tn e s s  of  the  composi te 
image of  an Elcema G250 p a r t i c l e  w i th  adherent  t r i a m te r e n e  
p a r t i c l e s  as shown in  P la te  3 .28 .  The peaks correspond to  
focused adherent  t r i a m t e r e n e  p a r t i c l e s  as determined by the  
BASIC program BC0MP0S and the  6502 machine code program 
COMPOS (Appendix 2 ) .
4 .1 .  Dimensions of  the  brass p l a t e  used to  suppo r t  o rdered 
u n i t s  d u r in g  c e n t r i f u g a t i o n .  The p l a t e  was prepared by 
smearing a t h i n  la y e r  of a r a p i d l y  s e t t i n g  epoxy r e s i n  on 
one s i d e ,  w a i t i n g  f o r  a few minu tes and s p r i n k l i n g  on a few 
ordered u n i t s  f rom a smal l  s p a tu la .
4 .2 .  Schemat ic  r e p r e s e n t a t i o n  of  the  brass p l a t e  mounted 
between perspex h o lde rs  and the  p o s i t i o n  of  the  
ordered u n i t s  f i x e d  to  the  p l a t e .
4 .3 .  C e n t r i f u g e  tube mounted in  r o t o r  showing the  p o s i t i o n  of  
the  brass p l a t e  c a r r y i n g  ordered  u n i t s .
4 .4 .  Number of  adherent  p a r t i c l e s  rema in ing  a f t e r  
c e n t r i f u g a t i o n  as determined us ing proc ANALYSE in 
SPR128 v e rs io n  2 (Appendix 2, A2 .13 ) .
4 .5 .  T o ta l  c ross  s e c t i o n a l  a rea,  measured in  p i x e l s ,  a f t e r  
c e n t r i f u g a t i o n  as determined us ing proc ANALYSE in  
SFR128 v e rs io n  2 (Appendix 2, A2 .13 ) .
4 .6 .  Mean c ross  s e c t i o n a l  a rea,  measured in  p i x e l s ,  of  adherent  
p a r t i c l e s  remain ing  a f t e r  c e n t r i f u g a t i o n .
4 .7 .  Number of  adherent  p a r t i c l e s  rema in ing  a f t e r  
c e n t r i f u g a t i o n ,  ad jus te d  f o r  d i f f e r e n c e s  in  c ross  
s e c t i o n a l  area of  the  c a r r i e r  p a r t i c l e .
4 .8 .  T o ta l  c ross  s e c t i o n a l  a rea,  measured in  p i x e l s ,  a f t e r  
c e n t r i f u g a t i o n  , ad jus te d  f o r  d i f f e r e n c e s  in  cross  
s e c t i a a n l  area of  the  c a r r i e r  p a r t i c l e s .
4 .9 .  Number of  p a r t i c l e s  rem a in ing  a f t e r  c e n t r i f u g a t i o n  
ve rsus r o t o r  speed. Number of  p a r t i c l e s  expressed as a 
percen tage of  the  number of  ambient  p a r t i c l e s  rema in ing  at  
t h a t  r o t o r  speed.
4 .10 .  To ta l  c ross  s e c t i o n a l  area rema in ing  a f t e r  c e n t r i f u g a t i o n  
vs r o t o r  speed. Cross s e c t i o n a l  area expressed as a 
percen tage of  the  c ross  s e c t i o n a l  area of  the  ambient 
p a r t i c l e s  at  t h a t  r o t o r  speed.
4 .11 .  Mo le cu la r  s t r u c t u r e  of  t r i a m t e r e n e .  Note the  lone p a i r  
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A l . l .  L ines  of  f o r c e  between charges of  o p p o s i t e  s ig n .  The
d i r e c t i o n  of  the  f o r c e  i s  indca ted  by the  arrowheads.
A1.2.  L ines  of  f o r c e  a c t i n g  between two charges of  the  same
s ig n .  P la c in g  the  charge +q* anywhere on the  c i r c l e  of  
r a d i u s ,  r ,  w i l l  cause i t  t o  expe r ience  a f o r c e  pushing 
i t  away f rom +q.
A1.3.  Change in  the  d isp lacem en t ,  D, across the  boundary
between d i e l e c t r i c s  and the  l a y e r  of  charge ,  0, 
a s s oc ia te d  w i th  i t .
A1.4.  Image charge induced in  an ear thed  co nd uc t ing  p lane  due
to  the  presence of  a r e a l  charge.
A1.5.  The p a r a l l e l  p l a t e  c a p a c i t o r  showing the  l i n e s  o f  f l u x
between the  two p l a t e s .
A1.6.  E f f e c t  of  i n s e r t i n g  a d i e l e c t r i c  between the  p la t e s  of
the  c a p a c i t o r  i l l u s t r a t e d  in  F ig u re  A1.4.
A1.7.  Response of  a p e r f e c t  d i p o le  gas to  an e l e c t r i c  f i e l d  as
dete rm ined  by the  Langevin f u n c t i o n .  Note t h a t  when ' a '  
i s  l e s s  than 1 the  s lope  of  the  curve approaches 1 /3 .
A1.8.  S i m p l i f i e d  r e p r e s e n t a t i o n  of the  hydrogen atom.
A1.9.  P o s s ib le  o r b i t a l s  f o r  the  hydrogen atom i l l u s t r a t e d  in
F ig u re  A1.8.
A1.10.  E le c t r o n  d e n s i t i e s  around hydrogen atoms where the
s p in s  on the  e l e c t r o n s  are p a r a l l e l  and a n t i p a r a l l e l .
A1.11.  The s p l i t t i n g  of  the  lowest  energy l e v e l  in  the  hydrogen
atom due to  the  f o r m a t i o n  of  a p a r a l l e l  or a n t i p a r a l l e l  
hydrogen bond.
A1.12.  The energy bands f o r  a h y p o t h e t i c a l  c r y s t a l  of  hydrogen
atoms and energy band te r m in o lo g y .
A1.13.  F i l l i n g  of  energy l e v e l s  f o r  h y p o t h e t i c a l  c r y s t a l s
a t  0 °K.
A1.14.  A c tua l  f i l l i n g  of  energy l e v e l s  f o r  the  b e r y l l i u m
c r y s t a l .  B e r y l l i u m  i s  a conduc to r  because the  t h r e e  
n=2 s u b o r b i t a l s  have merged to  form a co n t inu ous  energy 
l e v e l .
A1.15.  The presence of  accep to r  l e v e l s  above a f u l l  va lence
band w i l l  a l l o w  conduc t ion  by ' h o l e s '  i f  an e l e c t r o n  i s
promoted.  The presence of  donor l e v e l s  below an empty
c o nd u c t ion  band w i l l  a l l o w  conduc t ion  i f  an e l e c t r o n  i s
promoted.  Note,  i t  i s  p o s s ib le  to  have both  donor and 
a ccep to r  s i t e s  p resen t  s im u l t a n e o u s l y .  Deep t r a p s  are 
a ccep to r  l e v e l s  which have a l a r g e  energy l e v e l  between 
















X X I V
List  Of Plates
3.1 .  Elcema G250 p a r t i c l e s  f i x e d  t o  the  brass p l a t e  w i th  epoxy 
r e s i n  p r i o r  t o  c e n t r i f u g a t i o n  a t  50,000 rev  min“ *.
3 .2 .  Elcema G250 p a r t i c l e s  f i x e d  to  the  brass  p l a t e  w i th  epoxy 
r e s in  a f t e r  c e n t r i f u g a t i o n  a t  50,000 rev  min~* .  Note t h a t  
p a r t i c l e s  have been detached.
3 .3 .  Scanning e l e c t r o n  micrograph of  an Elcema G250 p a r t i c l e  
f i x e d  to  the  brass  p l a t e  w i t h  epoxy r e s i n .  The s u r face  
d e t a i l  p resen t  i n d i c a t e s  t h a t  no ' w i c k i n g '  of  the  adhes ive  
th rough to  the  p a r t i c l e  s u r fa c e  has o c cu r red .
3 .4 .  Scanning e l e c t r o n  micrograph of  an Elcema G250 p a r t i c l e  
f i x e d  to  the  brass p l a t e  w i th  epoxy r e s i n  showing t h a t  
the  p e n e t r a t i o n  of  the  r e s i n  i s  l i m i t e d ,  even a t  the  
p e r ip h e r y  of  the  p a r t i c l e .
3 .5 .  D i g i t i s e d  image of  an Elcema 6250 p a r t i c l e  w i th  adherent  
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  00 f i n e  focus  
d i v i s i o n s .
3 .6 .  D i g i t i s e d  image of  an Elcema G250 p a r t i c l e  w i th  adherent  
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  10 f i n e  focus  
d i v i s i o n s .
3 .7 .  D i g i t i s e d  image of  an Elcema G250 p a r t i c l e  w i t h  adherent  
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  20 f i n e  focus 
di v i s i o n s .
3 .8 .  D i g i t i s e d  image of  an Elcema G250 p a r t i c l e  w i th  adherent  
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  at  30 f i n e  focus 
d i v i s i o n s .
3 .9 .  D i g i t i s e d  image of  an Elcema G250 p a r t i c l e  w i t h  adherent  
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  at  40 f i n e  focus 
d i v i s i o n s .
3 .10.  D i g i t i s e d  image o f  an Elcema G250 p a r t i c l e  w i t h  adherent  
t r i a m te r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  50 f i n e  focus 
di v i s i o n s .
3 .11.  D i g i t i s e d  image of  an Elcema G250 p a r t i c l e  w i t h  adherent  
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  60 f i n e  focus  
d i v i s i o n s .
3 .12 .  D i g i t i s e d  image o f  an Elcema G250 p a r t i c l e  w i t h  adherent  
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  70 f i n e  focus  
di  v i s i o n s .
3 .13.  D i g i t i s e d  image of  an Elcema G250 p a r t i c l e  w i t h  adherent  
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  80 f i n e  focus  















3.14 .  D i g i t i s e d  image of an Elcema 6250 p a r t i c l e  w i t h  adherent  207
t r i a m te r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  90 f i n e  focus
di  v i  s i  ons .
3.15.  D i g i t i s e d  image of  an Elcema 6250 p a r t i c l e  w i t h  adherent  208
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  100 f i n e  focus 
d i v i s i o n s .
3.16 .  D i g i t i s e d  image of  an Elcema 6250 p a r t i c l e  w i t h  adherent  208
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  at  110 f i n e  focus  
d i v i s i o n s .
3 .17.  D i g i t i s e d  image of  an Elcema 6250 p a r t i c l e  w i th  adherent  209
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  120 f i n e  focus
di  v i  s i  ons.
3 .18.  D i g i t i s e d  image of  an Elcema 6250 p a r t i c l e  w i t h  adherent  209
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  130 f i n e  focus  
d i v i s i o n s .
3 .19 .  D i g i t i s e d  image of  an Elcema 6250 p a r t i c l e  w i t h  adherent  210
t r i a m te r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  140 f i n e  focus
di  v i  s i  ons.
3 .20.  D i g i t i s e d  image of  an Elcema 6250 p a r t i c l e  w i th  adherent  210
t r i a m te r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  150 f i n e  focus 
d i v i s i o n s .
3 .21.  D i g i t i s e d  image of  an Elcema 6250 p a r t i c l e  w i t h  adherent  211
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  160 f i n e  focus
di  v i s i o n s .
3 .22.  D i g i t i s e d  image of  an Elcema 6250 p a r t i c l e  w i t h  adherent  211
t r i a m te r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  170 f i n e  focus 
d i v i s i o n s .
3 .23 .  D i g i t i s e d  image o f  an Elcema 6250 p a r t i c l e  w i t h  adherent  212
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  180 f i n e  focus  
d i v i s i o n s .
3 .24 .  D i g i t i s e d  image of  an Elcema 6250 p a r t i c l e  w i t h  adherent  212
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  190 f i n e  focus
di  v i  s i  ons.
3 .25.  D i g i t i s e d  image of  an Elcema 6250 p a r t i c l e  w i t h  adherent  213
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  200 f i n e  focus 
d i v i s i o n s .
3 .26 .  D i g i t i s e d  image of  an Elcema 6250 p a r t i c l e  w i t h  adherent  213
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  210 f i n e  focus
di  v i  s i  ons.
3 .27 .  D i g i t i s e d  image of  an Elcema 6250 p a r t i c l e  w i t h  adherent  214
t r i a m t e r e n e  p a r t i c l e s .  Focus p o s i t i o n  a t  220 f i n e  focus
di  v i s i o n s .
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3.28.  Composi te d i g i t i s e d  image d e r ive d  -from the  d i g i t i s e d  
images in  P la te s  3 .5  to  3.27 us ing  the  BASIC program 
BCOMPQS and the  6502 machine code program COMPOS.
3 .29.  D i g i t i s e d  image of  an Elcema G250 p a r t i c l e  w i t h  adherent  
t r i a m t e r e n e  p a r t i c l e s .
3 .30 .  Photomicrograph  of  an Elcema G250 p a r t i c l e  w i t h  adherent  
p a r t i c l e s  taken a t  the  same t ime as the  d i g i t i s e d  image in  
P la te  3 .29 .  Note the  h ig h e r  degree of  r e s o l u t i o n  compared 
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L i s t  o f  S y m b o l s
A number of  symbols have been used t o  r e f e r  t o  more than one measured 
q u a n t i t y .  T h i s  has been done when t h e  symbols a r e  commonly used t o  
d e s c r i b e  t h e  q u a n t i t y  t o  which t he y  r e f e r .  The d e f i n i t i o n  of  any 
symbol  in t h e  t e x t  i s  a l ways  g i v e n  on i t s  f i r s t  usage and i t  shoul d  
be noted t h a t  t he  q u a n t i t y  r e f e r r e d  t o  w i l l  be r e d e f i n e d  l o c a l l y  i f
i t s  d e f i n i t i o n  changes.
A Cross s e c t i o n a l  a r ea  ( m e t r e 2 )
A Hamaker c o n s t a n t .
c Speed of  l i g h t  i n  vacuum ( met r e  second” * ) .
C C a p a c i t a n c e  ( F a r a d ) ,
d D i s t a n c e  between two bod i es  ( m e t r e ) .
dQ Minimum d i s t a n c e  between two b o d i es  ( m e t r e ) ,
d f j  Depth of  f i e l d  of  a mi cr oscope  ( m e t r e s ) .
D ( r )  D i s p l a c e m e n t ,  e l e c t r i c a l  f l u x  d e n s i t y  a t  a d i s t a n c e ,  r ,
f rom t he  source  of  t h e  d i s p l a c e m e n t  (Coulomb m e t r e ” 2 )
E Energy ( J o u l e ) .
E  ^ K i n e t i c  energy  ( J o u l e ) .
Ep P o t e n t i a l  energy  ( J o u l e ) .
Et T o t a l  energy  ( J o u l e ) .
E ( t )  Time dependent  Young' s  modulus of  t he  s o f t e r  of  two
s u r f a c e s  i n c o n t a c t  ( P a s c a l ) .
F For ce  ( Newt on) .
Fe j For ce  between two bod i es  due t o  e l e c t r o s t a t i c  a t t r a c t i o n  or
r e p u l s i o n  ( Newt on) .
Fg Force  between two b o d i es  due t o  g r a v i t a t i o n a l  a t t r a c t i o n
( N e w t o n ) .
F^m For ce  of  a t t r a c t i o n  between a r e a l  char ge  and t h e  induced
image charge  i n an e a r t h e d  c on d u c t i n g  p l a n e  ( Newt on) .
Fj j j  For ce  between two p a r t i c l e s  due t o  t he  pr esence  of  a l i q u i d
b r i d g e  ( Newt on) .
Fgy For ce  between a s u r f a c e  and a l i q u i d  due t o  t he  s u r f a c e
t e n s i o n  of  t he  l i q u i d  ( Newt on) .
F^ For ce  between two a d h e r i n g  p a r t i c l e s  p r i o r  t o  d e f o r m a t i o n
a t  t h e  p o i n t  of  c o n t a c t  ( Newt on) .
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F ( 5 ) e j F or ce  between two bod i es  due t o  an e l e c t r o s t a t i c  charge
l a y e r ,  5 , a t  t h e  s u r f a c e  of  one or both  of  t he  p a r t i c l e s  
( N e w t o n ) .
F^vdw F or ce  due t o  t h e  van der  Waals a t t r a c t i o n  between a sphere
and a p l a n e  s u r f a c e  ( H a l f  space)  ( Ne wt on) .
G U n i v e r s a l  c o n s t a n t  of  g r a v i t a t i o n  (Newton met r e^
k i l o g r a m me ”  ^ ) .
H ( t )  Time dependent  har dness  of  t h e  s o f t e r  of  two s u r f a c e s  i n
c o n t a c t .
X P l a n k ' s  c o n s t a n t  ( J o u l e  s e c on d ) .
I B r i g h t n e s s  of  an image or  of  a p o i n t  i n  an image.
I n B r i g h t n e s s  of  a p i x e l  i n  a d i g i t i s e d  image a f t e r  c o n t r a s t
enhancement .
I c C u r r e n t  b r i g h t n e s s  v a l u e  of  a p i x e l  i n  a d i g i t i s e d  image.
O f t e n  used t o  r e f e r  t o  t h e  v a l u e  of  t h e  p i x e l  a f t e r  
d i g i t i s a t i o n  and p r i o r  t o  image m a n i p u l a t i o n .
* tmax T h e o r e t i c a l  maximum b r i g h t n e s s  p o s s i b l e  f o r  a p i x e l  i n  a
d i g i t i s e d  image.
I fflax Maximum b r i g h t n e s s  v a l u e  found i n a d i g i t i s e d  image.
*min Minimum b r i g h t n e s s  v a l u e  found i n  a d i g i t i s e d  image.
l X f y B r i g h t n e s s  of  t he  p i x e l  a t  l o c a t i o n  X,Y i n  a d i g i t i s e d
i mage.
K E l e c t r i c  moment per  u n i t  volume due t o  spont aneous e l e c t r i c
d i p o l e s  (Coulomb m e t r e " ^ ) .
1 D i s t a n c e  between t he  p l a t e s  of  a p a r a l l e l  p l a t e  c a p a c i t o r
( M e t r e ) .
L Mag n e t i c  moment per  u n i t  volume due t o  spont aneous magnet i c
d i p o l e s  (Ampere m e t r e ” * ) .
1 ( a )  L an g e v i n  f u n c t i o n .
L ( I X y)  L a p l a c i a n  t r a n s f o r m  of  t h e  b r i g h t n e s s  of  t h e  p i x e l  w i t h
b r i g h t n e s s  of  I X i y i n  a d i g i t i s e d  image.
m Mass of  a body ( k i l o g r a m m e ) .
me Mass of  an e l e c t r o n  ( k i l o g r a m m e ) .
flip Mass of  a photon ( k i l o g r a m m e ) .
n Number of  p a r t i c l e s  i n  a sample f rom a b i n a r y  random powder
m i x t u r e .
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n R e f r a c t i v e  i ndex of  t he  medium between t h e  o b j e c t i v e  l e n s
of  a mi croscope and t he  o b j e c t  be i ng  v i ewed .
N Avo g a dr o ' s  number.
NA Numer i ca l  a p e r t u r e  of  a mi c r oscope  o b j e c t i v e .
P Momentum ( k i l ogr amme met r e  second” * ) .
P P o l a r i s a t i o n  d e n s i t y  (Coulomb m e t r e ” ^ ) .
P” For ce  of  a t t r a c t i o n  per  u n i t  a r e a  acr oss  t h e  c o n t a c t  a r e a
between two s u r f a c e s  (Newton m e t r e ” ^ ) .
P“ vdw Pr e s s u r e  over  t h e  c o n t a c t  a r e a  between two p l a n e  s u r f a c e s
( h a l f  spaces)  due t o  van der  Waals i n t e r a c t i o n s  (Newton 
m e t r e ” ^ ) .
P~e d P r e s s u r e  over  t he  c o n t a c t  a r e a  between two p l a n e  s u r f a c e s
( h a l f  ^spaces)  due t o  an e l e c t r o s t a t i c  doubl e  l a y e r  (Newton  
m e t r e ” 41) .
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Chapter 1.
1. I n t r o d u c t i o n .
1 .1 .  Pharm aceut ica l  powder tech n o log y .
1 .1 . 1 .  Content  u n i f o r m i t y  in  s o l i d  dosage fo rms.
Dur i ng t h e  f o r m u l a t i o n  e x e r c i s e  n ec es s ar y  f o r  t he  p r o d u c t i o n  of  
a s o l i d  dosage f o r m,  such as a compressed t a b l e t  or hard g e l a t i n
c a p s u l e ,  a s i g n i f i c a n t  amount of  e f f o r t  i s  made t o  ensure  t h a t  t h e
drug i s  s t a b l e  i n  t h e  f o r m u l a t i o n ,  t h a t  i t  i s  r e l e a s e d  i n  a s u i t a b l e  
manner and t h a t  each dose u n i t  c o n t a i n s  t h e  s t a t e d  amount of drug ( 1 , 
2 ) .  However ,  even when s o l i d  dosage f o r m u l a t i o n s  have been 
r i g o r o u s l y  t e s t e d ,  t he  p o t e n t i a l  s t i l l  e x i s t s  f o r  v a r i a t i o n s  i n  drug  
c o n t e n t  t o  occur  both w i t h i n  and between b a t c h e s .  Where p o t e n t  
p h a r m a c e u t i c a l s  a r e  i n v o l v e d , any v a r i  a t i  ons i n  t he  a c t i  ve 
c o n s t i t u e n t  of  c a p s u l e s  or t a b l e t s  w i t h i n  a bat ch  may pr ove  t o  be 
h a r m f u l .  For  t h i s  r e a s o n ,  e v e r y  bat ch of  t a b l e t s  or  c apsu l es  
manuf ac t ur ed  i s  s u b j e c t  t o  r e g u l a t o r y  t e s t s  which a r e  des i gned t o  
t e s t  both p h y s i c a l  and chemi ca l  c h a r a c t e r i s t i c s .
The t e s t  used t o  examine t he  v a r i a b i l i t y  of  drug c o n t e n t  between  
dosage u n i t s  w i t h i n  a bat ch  i s  u s u a l l y  r e f e r r e d  t o  as t he  ' U n i f o r m i t y  
of  c o n t e n t '  t e s t  and such a t e s t  f o r  t a b l e t s  or c a p s u l e s  can be found  
i n  most pharmacopoei as  ( f o r  exampl e  3,  4 ) .  In g e n e r a l ,  a ' U n i f o r m i t y  
of  c o n t e n t '  t e s t  i n v o l v e s  combi ni ng t o g e t h e r  a number of  dose u n i t s  ( 
reduced t o  t h e  powder form in t h e  case of  t a b l e t s ) ,  d e t e r m i n i n g  t he  
t o t a l  drug c o n t e n t  and then c a l c u l a t i n g  t he  a v e r a g e .  For exampl e ,  
t he  B r i t i s h  Pharmacopoei a  (3)  r e q u i r e s  t h a t  t w e n t y  t a b l e t s  be ground 
t o g e t h e r  t o  p r o v i d e  a s u i t a b l e  sample f o r  assay .  Th i s  t e c h n i q u e  
a l l o w s  t he  ave r age  drug c o n t e n t  of  t he  dose u n i t s  t o  be r e a d i l y  
d e t e r mi n e d  but  g i v e s  no i n f o r m a t i o n  r e g a r d i n g  t h e  v a r i a b i l i t y  of  drug 
c o n t e n t  between t he  dose u n i t s .  I t  i s  t h e r e f o r e  p o s s i b l e  f o r  a 
u n i f o r m i t y  of  c o n t e n t  t e s t  t o  produce a c c e p t a b l e  r e s u l t s  f o r  t he  
a ve r ag e  v a l u e  of  t he  dose c o n t e n t  when a s i g n i f i c a n t  v a r i a t i o n  i s  
p r e s e n t  between t he  i n d i v i d u a l  dose u n i t s  ( 5 ,  6 ) .  For t h i s  reason i t  
i s  becoming i n c r e a s i n g l y  more common f o r  p o t e n t  drugs t o  be s u b j e c t  
t o  more s t r i n g e n t  ' U n i f o r m i t y  of  C o n t e n t '  t e s t s  based on i n d i v i d u a l  
t a b l e t  assays ( 7 ,  B ) .
1 .1 .2 .  Homogenei ty of  powder mixes.
S o l i d  dosage f o r ms ,  such as t a b l e t s  and c a p s u l e s ,  a r e  pr e pa r e d  
by mi x i ng  t o g e t h e r  a number of  d i f f e r e n t  p a r t i c u l a t e  s o l i d s  t o  form a
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powder m i x t u r e  which i s  pr ocessed t o  produce t h e  f i n a l  dose u n i t .  
These p a r t i c l u l a t e  s o l i d s  a r e  t he  p h a r m a c o l o g i c a l l y  a c t i v e ,  or drug  
component and a number of  e x c i p i e n t s  t h a t  a r e  g e n e r a l l y  
p h a r m a c o l o g i c a l l y  i n a c t i v e  a t  t h e  c o n c e n t r a t i o n s  used.  E x c i p i e n t s  
can be d e f i n e d  as m a t e r i a l s  which have been i n c l u d e d  in a f o r m u l a t i o n  
f o r  t h e i r  p h y s i c a l  r a t h e r  than p h a r m a c o l o g i c a l  p r o p e r t i e s  ( 9 ) .
I f  t h e  mi x i ng  of  t h e  a c t i v e  c o n s t i t u e n t  and e x c i p i e n t s  i s  not  
c a r r i e d  out  t o  c o m p l e t i o n  or o t h e r  p h y s i c a l  f a c t o r s  p r e v e n t  compl e t e  
mi x i n g ,  some r e g i o n s  w i t h i n  t h e  body of  t he  powder mix w i l l  c o n t a i n  
more of  t he  drug than o t h e r s .  Thus,  when t he  bu l k  of  t h e  powder mix 
i s  s p l i t  i n t o  t h e  s u b l o t s  r e p r e s e n t i n g  a s i n g l e  dose u n i t ,  t h e r e  w i l l  
be a degree  of  v a r i a t i o n  i n  t he  amount of  drug i n c l u d e d .  In t h i s  
manner ,  t h e  v a r i a t i o n  i n t he  drug c o n t e n t  between i n d i v i d u a l  dose  
u n i t s  i s  dependent  on t he  q u a l i t y  of  t h e  ' p a r e n t '  powder mix.
When a sequence of samples a r e  t aken  f rom a powder bed and a r e  
found t o  c o n t a i n  v e r y  n e a r l y  t h e  same c o n t e n t  of  drug t he y  can be 
d e s c r i b e d  as be i ng  homogeneous ( 1 0 ) .  The q u a l i t y  of  a powder m i x t u r e  
coul d t h e r e f o r e  be d e f i n e d  by i t s  homogene i t y ,  whi ch,  f o r  powder  
mi xes ,  cou l d  be d e f i n e d  as be i ng  a measure of  t h e  d i f f e r e n c e  between  
t he  a c t u a l  amount of  a c t i v e  i n g r e d i e n t  c o n t a i n e d  w i t h i n  a number of  
samples and t h e  amount t h a t  shoul d  be t h e o r e t i c a l l y  p r e s e n t .  A 
powder mix w i t h  a good homogenei ty  w i l l  t h e r e f o r e  e x h i b i t  l i t t l e  
i n t e r  sample v a r i a t i o n  of  t he  a c t i v e  c o n s t i t u e n t ( s )  whereas a powder  
mix w i t h  poor homogenei ty  w i l l  e x h i b i t  l a r g e  i n t e r  sample v a r i a t i o n s .
For p h a r m a c e u t i c a l  powders t h i s  d e f i n i t i o n  of  homogenei ty  can be 
f u r t h e r  q u a l i f i e d  by making t h e  sample s i z e  used t o  d e t e r m i n e  t he  
homogenei ty  of  a powder m i x t u r e ,  e q u i v a l e n t  t o ,  or  s m a l l e r  t ha n ,  t he  
t o t a l  q u a n t i t y  of  powder used t o  ma n uf a c t u r e  t h e  number of  u n i t  
dosage forms r e q u i r e d  f o r  t h e  ' U n i f o r m i t y  of  c o n t e n t '  t e s t  employed.  
Thi s  e x t r a  q u a l i f i c a t i o n  ensur es  t h a t  t he  homogenei ty  measured can be 
c o n f i d e n t l y  used as an i n d i c a t i o n  of  t h e  ave r age  c o n c e n t r a t i o n  of  t he  
a c t i v e  i n g r e d i e n t  t h r ou g h o u t  t h e  powder m i x t u r e .  I t  shoul d be noted  
t h a t  t h i s  d e f i n i t i o n  of  homogenei ty  i s  v e r y  s i mp l e  and has i m p l i c i t l y  
assumed t h a t  t h e  powder bed has been a d e q u a t e l y  mixed p r i o r  t o  t he  
removal  of  samples f o r  homogenei ty  t e s t i n g .
I f  t he  homogenei ty  of  a powder m i x t u r e  i s  one of  t he  major  
f a c t o r s  t h a t  d e t e r m i n e  t h e  c o n t e n t  u n i f o r m i t y  of  t he  dose u n i t s  
produced then i t  i s  c l e a r  t h a t  an u n d e r s t a n d i n g  of  how p a r t i c u l a t e  
m a t e r i a l s  behave when be i ng mixed t o g e t h e r  w i l l  a l l o w  powder m i x t u r e s
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wi t h  t he  d e s i r e d  homogenei ty  t o  be ma n uf a c t u r ed .  One t h e o r y  t h a t  has 
been deve l oped  t o  d e s c r i b e  how p a r t i c u l a t e  m a t e r i a l s  behave when 
bei ng mixed t o g e t h e r  i s  based on t he  random ( s t o c h a s t i c )  movement of  
p a r t i c l e s  w i t h i n  a powder bed.
1 .1 .3 .  Powder m ix ing  due to  random processes.
The t h e o r e t i c a l  d e s c r i p t i o n  of  powder mi x i ng  by random pr ocesses  
was f o r m a l i s e d  by Lacey ( 1 1 ,  12) and can,  f o r  p r a c t i c a l  pur pose s ,  be 
c o n s i d e r e d  as t he  ' c l a s s i c a l '  powder mi x i ng  t h e o r y  which has been 
used as t h e  b a s i s  f o r  t he  devel opment  of  more complex t h e o r e t i c a l  
c o n s i d e r a t i o n s .  The r e q u i r e m e n t s  f o r  random m i x i n g ,  a r e  v e r y  s i mp l e  
and can be summarised as two b a s i c  p r e mi se s .
1. The p a r t i c l e s  t o  be mixed must be i n d i s t i n g u i s h a b l e  by s i z e ,  
wei ght  or d e n s i t y .
2.  The movement of  p a r t i c l e s  w i t h i n  t h e  mi x i ng  c o n t a i n e r  a r e
a f f e c t e d  on l y  by chance c o l l i s i o n s  w i t h  o t h e r  p a r t i c l e s  or t he  
w a l l s  of  t he  mi x i ng  c o n t a i n e r .
When a powder bed c o n s i s t i n g  of  two s e t s  of  p a r t i c l e s ,  d i s t i n g u i s h e d  
on l y  by c o l o u r ,  i s  c o n s i d e r e d ,  t hen i n i t s  i n i t i a l  s t a t e  t h e  l o c a t i o n  
of  t he  p a r t i c l e s  can be v e r y  a c c u r a t e l y  d e s c r i b e d  ( F i g u r e  1 . 1 ) .  I f  a 
sample i s  removed f rom t h i s  powder bed,  t h e n ,  p r o v i d e d  t h e  l o c a t i o n  
f rom which t he  sample was t aken  i s  known, t he  c o n c e n t r a t i o n  of  e i t h e r
t y p e  of  p a r t i c l e  i n  t he  sample can be c a l c u l a t e d  ver y  p r e c i s e l y .
When t h i s  powder bed i s  mixed t h e  two t y p e s  of  p a r t i c l e  w i l l
d i s t r i b u t e  t he ms e l v e s  t h r o u g h o u t  t he  body of  t he  powder bed i n a 
random manner a c c or d i n g  t o  t h e  arguments  g i v en  above.  I f  mi x i ng i s  
c o n t i n u e d  f o r  a s u f f i c i e n t l y  long p e r i o d  then a s t a t e  of  e q u i l i b r i u m  
w i l l  be r eached where f u r t h e r  mi x i ng  w i l l  not  i n c r e a s e  t h e  randomness  
of  t h e  d i s t r i b u t i o n  of  t he  two s e t s  of  p a r t i c l e s  ( F i g u r e  1 . 2 ) .  A 
powder m i x t u r e  i n t h i s  c o n d i t i o n  can be d e s c r i b e d  as bei ng an ' i d e a l  
random m i x t u r e '  ( 1 1 ) .
When an i d e a l  m i x t u r e  i s  a t t a i n e d  i t  i s  not  p o s s i b l e  t o  
c a l c u l a t e  p r e c i s e l y  t h e  c o n c e n t r a t i o n  of  one t y p e  of  p a r t i c l e  in a 
sample because t he  e x a c t  d i s t r i b u t i o n  of  t he  two s e t s  of p a r t i c l e s  i s  
not  known. I t  i s  p o s s i b l e ,  however ,  us i ng a sample of  known s i z e ,  t o  
c a l c u l a t e  t he  p r o b a b i l i t y  of  o b t a i n i n g  t h e  same r e l a t i v e  p r o p o r t i o n  
of t h e  two t y p e s  of  p a r t i c l e s  t h a t  was p r e s e n t  i n  t he  p a r e n t  m i x t u r e .  
Thi s  was t he  approach used by Lacey (11)  t o  d e r i v e  a ma t h e ma t i c a l  
r e l a t i o n s h i p  t h a t  a l l o w e d  t he  v a r i a b i l i t y  of  a number of  samples t o
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be r e l a t e d  t o  t he  p r o p o r t i o n  of  t he  two t ype s  of  p a r t i c l e  i n  t he  
powder m i x t u r e  and t he  s i z e  of  t h e  sample.
where k = Mean p r o p o r t i o n  of  p a r t i c l e s  of  t h e  f i r s t  t y p e  i n t he  
powder m i x t u r e .
|  = Mean p r o p o r t i o n  of  p a r t i c l e s  of  t he  second t ype  in t h e
powder m i x t u r e .
n = number of  p a r t i c l e s  i n  t he  sampl e .
<rr = r o o t  mean square  deviat i on or s t a n d a r d  d e v i a t i o n  of  a
random mix.
In t he  e x p r e s s i o n  above,  « and p a r e  t he  p r o p o r t i o n s  of  t he  two 
t y p e s  of  p a r t i c l e  in t he  sample of  t he  powder m i x t u r e  (where p = l - f t ) . 
The v a l u e s  « and |  a r e  t he  mean p r o p o r t i o n s  of  t he  two t ype s  of
p a r t i c l e  where t h e  powder m i x t u r e  has been s p l i t  i n t o  a number of
samples (each c o n t a i n i n g  n p a r t i c l e s )  of  equal  s i z e  and shape.
Eq u a t i o n  1.1 shows t h a t  t h e  degree  of  d i s p e r s i o n  of  a se t  of
sampl es i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s i z e  of  t he  sample used.  
T h i s  t h e o r e t i c a l  p r e d i c t i o n  can be v e r i f i e d  by t a k i n g  samples f rom 
F i g u r e  1 . 2 .  I f  smal l  square  a r e a s  a r e  used v e r y  l a r g e  d i f f e r e n c e s  
f rom t he  mean v a l u e  can be o b t a i n e d  whereas i f  l a r g e  squar es  a r e  used
t h e  e f f e c t  of  a s l i g h t  excess of  one t y p e  of  p a r t i c l e  has a l e s s
s i g n i f i c a n t  e f f e c t  ( T a b l e  1 . 1 ) .
The p r a c t i c a l  a spec t  of  e q u a t i o n  1 .1  i s  t h a t  i f  t he  s i z e  of  t he  
sample and t h e  p r o p o r t i o n  of  t h e  two t ype s  of  p a r t i c l e  i n  t he  powder  
bed a r e  known then i t  i s  p a s s i b l e  t o  c a l c u l a t e  a t h e o r e t i c a l  s t a n da r d  
d e v i a t i o n  a g a i n s t  which t he  measured s t a n d a r d  d e v i a t i o n  can be 
compared.  Thus,  i f  t h e  best  a t t a i n a b l e  s t a n d a r d  d e v i a t i o n  p o s s i b l e  
can be c a l c u l a t e d  i n advance i t  becomes p o s s i b l e  t o  assess t he  t i me  
i t  w i l l  t a k e  t o  mix a powder bed by measur i ng t h e  s t a n d a r d  d e v i a t i o n  
of a number of  samples a t  i n c r e a s i n g  mi x i ng t i m e s .
1 .1 .4 .  Powder m ix ing  mechanisms.
The t h e o r e t i c a l  c o n s i d e r a t i o n  of  powder mi x i ng  used by Lacey  
( 1 1 , 1 2 ) s t a t e s  t h a t  t he  p a r t i c l e s  i n  a powder bed move i n  a random 
manner and a r e  o n l y  c o n s t r a i n e d  by chance c o l l i s i o n s  w i t h  o t h e r  
p a r t i c l e s  or t he  w a l l  of  t he  mi x i ng  v e s s e l .  However ,  u n l i k e  mol ecu l es  
of gas ,  p a r t i c l e s  i n a powder bed w i l l  not  move u n l e s s  t he y  a r e  
d e l i b e r a t e l y  a g i t a t e d .  L a c e y ( 1 2 )  d e s c r i b e d  t h r e e  d i s t i n c t  mechanisms
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by which p a r t i c l e s  i n  an a g i t a t e d  powder bed cou l d  be d i s p e r s e d .  
These mechanisms a r e  c o n v e c t i o n ,  d i f f u s i o n  and s h e a r .
A d e t a i l e d  d e s c r i p t i o n  of  t h e s e  mechanisms i s  beyond t h e  scope  
of  t h i s  d i s c u s s i o n  and may be o b t a i n e d  e l s e wh e r e  ( 1 3 - 1 5 )  i f  d e s i r e d ,  
however ,  a b r i e f  example of each of  t he s e  mi x i ng mechanisms i s  u s e f u l  
as t he y  can i l l u s t r a t e  a s i g n i f i c a n t  d e f i c i e n c y  of  t h e  mi x i ng t h e o r y  
d e s c r i b e d  above.  Shear  mi x i ng occur s  when a s l i p  p l a n e  i s  farmed in  
t h e  powder bed and t he  bu l k  of  powder on e i t h e r  s i d e  of  t h e  p l a ne  
moves as a body ( F i g u r e  1 . 3 ) .  D i f f u s i v e  mi x i ng  occurs  when an 
i n t e r c h a n g e  of  p a r t i c l e s  t a k e s  p l a c e  acr oss  an i n t e r f a c e  i n  t he  
powder bed.  Th i s  i n t e r f a c e  i s  u s a l l y  a s l i p  p l a n e  ( F i g u r e  1 . 4 ) .  
C o n v e c t i v e  mi x i ng  i n v o l v e s  t he  movement of  groups of  p a r t i c l e s  f rom 
one p l a c e  i n  t he  powder bed t o  a n o t h e r .  The e x a c t  mechanism appears  
t o  be u n c l e a r  a l t h o u g h  i t  seems t o  be a c r oss  between shear  and 
d i f f u s i v e  m i x i n g .  An example of  c o n v e c t i v e  mi x i ng  would be t h e  
d i s t r i b u t i o n  of  p a r t i c l e s  over  t h e  s u r f a c e  of  a t u m b l i n g  powder bed 
( F i  gure 1 . 5 ) .
Al t hough t he s e  mechanisms can be d i scussed  i n  i s o l a t i o n  t he y  
must occur  c o n c u r r e n t l y  in any mi x i ng  o p e r a t i o n  ( 1 6 ) .  By c o n s i d e r i n g  
F i g u r e s  1 . 3 - 1 . 5  i t  can be deduced t h a t  t he  p o s s i b i l i t y  e x i s t s  t h a t  
s e c t i o n s  of  t h e  powder bed w i l l  move as a d i s c r e t e  body.  I f  t h i s  i s  
t he  case than t he  i n d i v i d u a l  p a r t i c l e s  cannot  be moving i n  a random 
manner and t h e  mi x i ng t h e o r y  d e s c r i b e d  above no l o n g e r  d e s c r i b e s  t he  
powder mi x i ng p r o ce ss .
1 .1 .5 .  A p p l i c a t i o n  of  randomness t o  powder m ix in g .
The t h e o r y  d e s c r i b e d  above,  f o r  d e s c r i b i n g  t h e  mi x i ng of  powders  
by random p r o c e s s e s ,  can o n l y  be a p p l i e d  under  a v e r y  s p e c i f i c  s e t  of  
c i r c u m s t a n c e s .  The a p p l i c a t i o n  of  such a t h e o r y  t o  r e a l
p h a r m a c e u t i c a l  powder systems would be i n v a l i d  because such powder  
m i x t u r e s  u s u a l l y  c o n s i s t  of  more than two components each of  which 
has a uni que  p a r t i c l e  s i z e  d i s t r i b u t i o n  and t r u e  d e n s i t y .
I t  i s  p o s s i b l e  t o  d e r i v e  ma t h e ma t i c a l  d e s c r i p t i o n s  of  t h e  s t a t e  
of  a powder m i x t u r e  more complex than t h a t  used above,  w h i l s t  s t i l l  
empl oy i ng t h e  random movement of  p a r t i c l e s  as t he  pr ocess  by which an 
i d e a l  m i x t u r e  i s  r e a c h e d (  1 7 - 2 7 ) .  S e v e r a l  of  t h e s e  d e s c r i p t i o n s  can 
be shown t o  be r e l a t e d  t o  each o t h e r  ( 2 8 ) .
The concept  of  random movement has a l s o  been u t i l i s e d  in
computer  models of powder mi x i ng  ( 29 ,  30)  which have shown t h a t
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random mi x i ng  t h e o r i e s  can g i v e  good e s t i m a t e s  of  measured 
p a r a m e t e r s ,  s p e c i f i c a l l y  t he  r a t e  of  mi x i ng where t h e  process  of  
random p a r t i c l e  movement i s  domi nated by t he  d i f f u s i o n  mechanism 
( 3 0 ) .
1 .1 .6 .  Segrega t ion  d u r in g  m ix ing .
When f r e e  f l o w i n g  p a r t i c l e s  of  d i f f e r e n t  s i z e s  a r e  mixed
t o g e t h e r  t he  a t t a i n m e n t  of  an i d e a l  random m i x t u r e  i s  p r e v e n t e d  by 
t he  presence  of  unmi x i ng mechanisms.  That  t h i s  i s  so can be 
demonst r a t ed  by c o n s i d e r i n g  t he  e f f e c t  of  addi ng a t h i r d  s e t  of  
p a r t i c l e s  t o  t he  system used above ( 1 . 1 . 3 ) .  I f  t h i s  t h i r d  s e t  of  
p a r t i c l e s  i s  made s u f f i c i e n t l y  smal l  then t h e y  w i l l  be a b l e  t o  pass  
thr ough t he  i n t e r s t i c e s  formed by t h e  o t h e r  two t ype s  of  p a r t i c l e .  
I f  o n l y  a few of  t he s e  s m a l l e r  p a r t i c l e s  a r e  p r e s e n t  then t he y  w i l l  
form a l a y e r  a t  t he  bot tom of t he  powder bed where t hay  have f i l l e d  
any a v a i l a b l e  gaps between p a r t i c l e s .
When t h i s  powder bed i s  mi xed,  t h e  s m a l l e r  p a r t i c l e s  w i l l  be 
d i s t r i b u t e d  i n a random manner t h r o u g h o u t  t h e  t h e  bu l k  of  t he  bed 
al ong w i t h  t he  o t h e r  p a r t i c l e s  p r e s e n t .  However ,  when t he  mi x i ng  
o p e r a t i o n  i s  stopped t h e  smal l  p a r t i c l e s  w i l l  f a l l  t hr ough t h e  
i n t e r s t i c e s  of  t he  l a r g e r  p a r t i c l e s  due t o  t h e  e f f e c t s  of  g r a v i t y  and 
w i l l  aga i n  form a l a y e r  a t  t he  bot tom of  t h e  powder bed.  When t h i s  
e f f e c t  occurs  d u r i n g  a mi x i ng o p e r a t i o n  t h e  unmi x i ng pr ocess  of  
s e g r e g a t i o n  can be s a i d  t o  be o c c u r r i n g .  The pr ocess  of  random 
mi xi ng i n  t h e  pr esence  of  d i f f e r e n t  s i z e d  f r e e  f l o w i n g  p a r t i c l e s  can 
t h e r e f o r e  be v iewed as a c o m p e t i t i o n  between t he  mi x i ng and unmi xi ng  
mechani  sms ( 3 1 ) .
Three mechanisms f o r  s e g r e g a t i o n  have been d e s c r i b e d  ( 15 ,  32 ,
33)  .
1. T r a j e c t o r y  s e g r e g a t i o n .  P a r t i c l e s  which a r e  p r o j e c t e d
h o r i z o n t a l l y ,  as when be i ng  spr ead over  t h e  s u r f a c e  of  a powder
bed,  w i l l  o n l y  t r a v e l  a d i s t a n c e  t h a t  i s  p r o p o r t i o n a l  t o  t he  
squar e  r o o t  of  t h e  p a r t i c l e  d i a m e t e r .
2.  P e r c o l a t i o n .  When a voi d  i s  c r e a t e d  i n  a powder bed due t o
p a r t i c l e  r e - a r r a n g e m e n t , smal l  p a r t i c l e s  have a g r e a t e r
p r o b a b i l i t y  of  f i l l i n g  t he  v o i d  than do l a r g e  p a r t i c l e s .  Thus 
smal l  p a r t i c l e s  w i l l  de mon s t r a t e  a t endenc y  t o  s i n k  i n an 
a g i t a t e d  powder bed.
3.  V i b r a t i o n .  T h i s  mechanism i s  somet imes r e f e r r e d  t o  as
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d e n s i f i c a t i a n  s e g r e g a t i o n  (15)  and occurs  when a powder bed i s  
v i b r a t e d .  The v i b r a t i o n s  cause an i n c r e a s e  i n  t h e  packi ng
d e n s i t y  of  t he  powder bed and as a r e s u l t  l a r g e  p a r t i c l e s  a r e  
f o r c e d  t o  t he  s u r f a c e .  T h i s  occur s  even when t h e r e  i s  a
s i g n i f i c a n t  d i f f e r e n c e  i n  d e n s i t y  between t he  l a r g e  and smal l  
p a r t i c l e s .
Real  p h a r m a c e u t i c a l  powder m i x t u r e s  c o n s i s t  of  p a r t i c l e s  which 
have ve r y  wide s i z e  d i s t r i b u t i o n s .  I t  i s  t h e r e f o r e  h i g h l y  p r o b a b l e  
t h a t  s e g r e g a t i o n  i n  p h a r m a c e u t i c a l  powder m i x t u r e s  shoul d  be a major  
pr ob l em,  p a r t i c u l a r l y  where a smal l  amount of  a f i n e l y  ground  
m a t e r i a l  i s  be i ng  added t o  a r e l a t i v e l y  l a r g e  b u l k .  I t  i s  
i n t e r e s t i n g  t o  no t e  t h e r e f o r e  t h a t ,  f o r  many p h a r m a c e u t i c a l  powder  
m i x t u r e s ,  such s e g r e g a t i o n  i s  not  r e a d i l y  obser ved .
1 .1 .7 .  P a r t i c l e  i n t e r a c t i o n  in  powder m ix tu re s .
Powder mi x i ng t h e o r i e s  based on random movement of  p a r t i c l e s
g e n e r a l l y  assume t h a t  t he  p a r t i c l e s  do not  i n t e r a c t  w i t h  each o t h e r .  
That  i s ,  p a r t i c l e s  cannot  i n f l u e n c e  t he  movement of  o t h e r  p a r t i c l e s  
e xcept  by chance c o l l i s i o n .  I t  i s ,  however ,  w e l l  known t h a t  f i n e l y  
ground p a r t i c l e s  a r e  c o h e s i ve  and t h a t ,  i n  g e n e r a l ,  p h a r m a c e u t i c a l  
powders a r e  of  a s i z e  range  where t he  e f f e c t  of  s u r f a c e  f o r c e s  a r e  
s i g n i f i c a n t .  Cons e que nt l y  i t  shoul d be e xpec t ed  t h a t  i n d i v i d u a l  
p a r t i c l e s  of  a p h a r m a c e u t i c a l  powder m i x t u r e  w i l l  i n t e r a c t  d u r i n g  t he  
mi x i ng pr ocess  ( 3 4 ,  3 5 ) .
The pr esence  of  p a r t i c l e  i n t e r a c t i o n  has been used t o  e x p l a i n  
t h e  poor f l o w  p r o p e r t i e s  and o t h e r  anomalous b e h a v i o u r  of  bu l k  
powders ( 3 6 - 3 9 ) .  In a d d i t i o n ,  t he  mode of  a c t i o n  of  p h a r m a c e u t i c a l  
e x c i p i e n t s ,  such as l u b r i c a n t s ,  g l i d a n t s  and a n t i - a g g l o m e r a t i n g  
a g e n t s ,  have been shown t o  be a r e s u l t  of  t h e s e  p a r t i c l e s  c o a t i n g  
o t h e r  p a r t i c l e s  w i t h i n  t he  body of  t he  mix ( 4 0 - 4 4 ) .
P a r t i c l e  i n t e r a c t i o n  can a l s o  be i n f l u e n c e d  by f o r c e s  o t h e r  than  
t hose  due t o  t he  i n t r i n s i c  s u r f a c e  p r o p e r t i e s  of  t h e  p a r t i c l e s  
t he m s e l v e s .  The most common e f f e c t  observed her e  i s  due t o  t h e  
pr esence  of  m o i s t u r e  a t  t he  s u r f a c e  of  t he  p a r t i c l e  ( 4 5 - 4 8 ) .
Wi th such a pr omi nent  degr ee  of  i n t e r a c t i o n  between p a r t i c l e s  
documented,  t h e  mi x i ng  of  p h a r m a c e u t i c a l  powders cannotreasonab1 y be 
d e s c r i b e d  by us i ng t h e o r i e s  which do not  i n c l u d e  t h e  p o s s i b i l i t y  of  
i n t e r a c t i o n  between p a r t i c l e s .
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1 .1 .8 .  Ordered powder m ix ing .
A t h e o r e t i c a l  d e s c r i p t i o n  of  powder mi x i ng  based on p a r t i c l e  
i n t e r a c t i o n  was g i ven  by Hersey ( 4 9 ,  5 0 ) .  Here i n t e r a c t i o n s  between  
p a r t i c l e s  were i nvoked as a d e l i b e r a t e  mechanism t o  d e s c r i b e  how 
powder m i x t u r e s  w i t h  good homogenei ty  were p o s s i b l e  when random 
mi xi ng t h e o r y  c l e a r l y  d i d  not  a p p l y .  The main p r emi se  of  H e r s e y ' s  
t h e o r y  was t h a t  s u r f a c e  f o r c e s  of  p a r t i  c l e s  produced a gg l o me r a t e s  
where f i n e  p a r t i c l e s  coa t ed l a r g e r  p a r t i c l e s  ( F i g u r e  1 . 6 ) .  Th i s  t y p e  
of mi x i ng was c a l l e d  ‘ Ordered m i x i n g ' .
Wi th o r d e r e d  m i x i n g ,  homogenei ty  i s  a t t a i n e d  t hr ough t he  
f o r m a t i o n  of  s t r u c t u r e d  a g g l o me r a t e s  ( o r d e r e d  u n i t s ) .  Ordered  
mi x t u r e s  can t h e r e f o r e  be r e a d i l y  d i s t i n g u i s h e d  f rom random m i x t u r e s  
where homogenei ty  i s  a p r o p e r t y  of  t he  l a c k  of  s t r u c t u r e  and o r d e r .
A p e r f e c t  o r d er ed  m i x t u r e  can be d e f i n e d  as one which c o n s i s t s  
of monosized c a r r i e r  p a r t i c l e s  u n i f o r m l y  coa t ed  w i t h  monosized  
a dh e r en t  p a r t i c l e s .  In such a system t he  r a t i o  of  t h e  c a r r i e r  t o  
t h e  a dh e r en t  i s  t h e  same in e v e r y  or der ed  u n i t  and,  as a consequence,  
any sequence of  samples t aken  w i l l  e x h i b i t  z e r o  v a r i a n c e  w i t h  r e g a r d  
t o  t he  c o n t e n t  of  t h e  a d h e r e n t  p a r t i c l e s  p r o v i d e d  t h a t  t he  sample  
c o n s i s t s  of  whole o r d er ed  u n i t s .
The f o r m a t i o n  of  a p e r f e c t  or der ed  m i x t u r e  f rom r e a l  
p h a r m a c e u t i c a l  m a t e r i a l s  i s  h i g h l y  i mp r o b a b l e  as t he s e  a r e  composed 
of p a r t i c l e s  which a r e  not  monosi zed.  P h a r m a c e u t i c a l  powder m i x t u r e s  
have,  however ,  been pr e pa r e d  t h a t  a r e  composed of  d i s c r e t e  u n i t s  of  
a dh e r i n g  p a r t i c l e s  s i m i l a r  t o  t hose  d e s c r i b e d  f o r  a p e r f e c t  or der ed  
mix ( 5 1 - 5 5 ) .  I t  has a l s o  a l s o  been demonst r a t ed  t h a t  t he  sample s i z e  
v a r i a n c e  of  such powder mixes behaves i n a manner s i m i l a r  t o  t h a t  
d e s c r i b e d  f o r  a p e r f e c t  o r d er ed  m i x t u r e  ( 5 4 ) .
The p r o p e r t y  of  o r der ed  m i x t u r e s  which a l l o w  t h e  homogenei ty  of  
a powder mix t o  be i ndependent  of  t h e  s i z e  of  t h e  sample used f o r  i t s  
assessment  has been employed by s e v e r a l  a u t h o r s  t o  d emon s t r a t e  t h a t  a 
h i g h l y  agg l o me r a t e d  powder m i x t u r e ,  s i m i l a r  t o  an or der ed  m i x t u r e ,  
had been formed ( 5 4 ,  56 ,  5 7 ) .  Th i s  method of  d e t e r m i n i n g  t he
f o r m a t i o n  of  an o r d er ed  m i x t u r e  has been c r i t i c i s e d  (58)  because t he  
degr ee  of  e r r o r  of  t he  sample s i z e  v a r i a n c e  were v e r y  l a r g e  compared 
t o  t he  measured v a r i a n c e  of  drug c o n t e n t .
The p r i n c i p l e s  o u t l i n e d  by H e r s e y ' s  concept  of  o r der ed  mi x i ng  
has a l s o  been c r i t i c i s e d  (59)  on t h e  b a s i s  t h a t  t h e  adher ence  of  f i n e  
p a r t i c l e s  t o  a c a r r i e r  s u b s t r a t e  pr ocedes due t o  random c o n t a c t .  Any
8
powder mix so produced coul d  not  be d e s c r i b e d  as be i ng  or der ed  
because t he  bes t  p o s s i b l e  homogenei ty  t h a t  coul d  be o b t a i n e d  would be 
e q u i v a l e n t  t o  t he  maximum homogenei ty  a t t a i n a b l e  f o r  a random powder  
mi x t u r e  ( 5 2 - 5 4 ) .
The b a s i s  f o r  t h i s  c r i t i c i s m  i s  t h a t  t h e  a d h e r e n t  p a r t i c l e s  a r e  
c o l l e c t e d  by t he  c a r r i e r  p a r t i c l e  as a r e s u l t  of  t h e  random 
c o l l i s i o n s  which occur  t h r o u g h o u t  t he  mi x i ng  p r o ce ss .  The 
d i s t r i b u t i o n  of  t h e  a dh e r en t  p a r t i c l e s  on t h e  c a r r i e r  p a r t i c l e s  w i l l  
not  t h e r e f o r e  be u n i f o r m but  w i l l  v a r y  around a mean v a l u e .  
V a r i a t i o n s  i n  t he  amount of drug bound by t he  i n d i v i d u a l  c a r r i e r  
p a r t i c l e s  means t h a t  t h e  homogenei ty  of  t h e  mix i s  not  i ndependent  of  
sample s i z e  ( 6 0 ) .  Such an o r d e r e d  mix w i l l  behave in a s i m i l a r  
manner t o  a random mix where t h e  homogenei ty  of  a number of  samples  
i s  dependent  on t he  sample s i z e  a l t h o u g h  not  t o  t he  same d egr e e .  I t  
shoul d be n o t e d ,  however ,  t h a t  t h e  term ' o r d e r e d  m i x i n g '  was o n l y  
used by Hersey ( 5 0 ,  51)  t o  d i s t i n g u i s h  between powder m i x t u r e s  in  
which t h e  p a r t i c l e s  d i d  i n t e r a c t  and t hose  i n  which p a r t i c l e s  di d not  
i n t e r a c t .
1 .1 .9 .  Segregat ion  in  ordered powder m ix tu re s .
The most i m p o r t a n t  i m p l i c a t i o n  of  o r d e r e d  mi x i ng i s  t he  
o b s e r v a t i o n  t h a t  p a r t i c l e  i n t e r a c t i o n s  occur  which he l p  t o  s t a b i l i s e  
t h e  d i s t r i b u t i o n  of  t h e  a c t i v e  f i n e  p a r t i c l e s  ( 6 1 ) .  Thus,  f o r  
o r d er ed  powder m i x t u r e s ,  s e g r e g a t i o n  of  t h e  a c t i v e  m a t e r i a l  would not  
be expect ed  t o  occur  e i t h e r  d u r i n g  mi x i ng  or  any subsequent  
p r o c e s s i n g .  However ,  as most powder m i x t u r e s  a r e  not  f o r m u l a t e d  t o  
t a k e  a dvant age  of  t he  a d h e s i v e  f o r c e s  a v a i l a b l e  f a r  p a r t i c l e
i n t e r a c t i o n ,  or  t h e  concept  of  o r d er ed  m i x i n g ,  s e g r e g a t i o n  s t i l l  
o c c u r s ,  even i n  supposed o r d er ed  mixes ( 51 ,  58 ,  6 0 ,  6 2 - 7 1 ) .  The
p a t t e r n s  of  s e g r e g a t i o n  of  t he s e  ' n e a r '  o r d e r e d  mixes a r e  more 
c o m p l i c a t e d  than t hose  observed i n random mixes and proceed v i a  
s e v e r a l  mechanisms.
When o r d er ed  u n i t s  a r e  formed t h e  i n t e r a c t i o n  i s  between t he  
a d h e r e n t  p a r t i c l e s  and t h e  c a r r i e r  p a r t i c l e s .  In a p h a r m a c e u t i c a l  
powder m i x t u r e  t he  p a r t i c l e s  of  each c o n s t i t u e n t  w i l l  not  be
monosized but  w i l l  have a un i que  s i z e  d i s t r i b u t i o n .  These p a r t i c l e s  
w i l l  i n t e r a c t  t o  produce o r d e r e d  u n i t s  which can be r e gar de d  as 
bei ng d i s c r e t e  s t a b l e  e n t i t i e s ,  w i t h  t h e i r  own un i que  s i z e
d i s t r i b u t i o n ,  and which have l i t t l e  a b i l i t y  t o  i n t e r a c t  w i t h  each
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o t h e r .  T h i s  r e d u c t i o n  i n  i n t e r a c t i o n  has been shown t o  be 
r e s p o n s i b l e  f o r  t he  improvement  in t he  f l o w  p r o p e r t i e s  of  powder  
mixes t h a t  have had g l i d a n t s ,  l u b r i c a n t s  or a n t i - a g g l o m e r a t i n g  agent s  
added t o  them ( 4 0 - 4 4 ) .
The l a c k  of  i n t e r a c t i o n  between o r d er ed  u n i t s  e n a b l e s  each 
or der ed  u n i t  t o  be t r e a t e d  as a s i n g l e  p a r t i c l e  and c o n s e q u e n t l y  t he  
mi xi ng mechanisms a t  t he  o r d er ed  u n i t  l e v e l  once aga i n  proceed by 
s t o c h a s t i c  p r o c e s s e s .  I t  i s  t h e r e f o r e  p o s s i b l e  t o  e n v i s a g e  
s e g r e g a t i o n  p a t t e r n s  s i m i l a r  t o  t hose  observed f o r  random mixes where  
t he  o n l y  d i f f e r e n c e s  between p a r t i c l e s  ( o r d e r e d  u n i t s )  a r e  t hose  of  
s i z e  and d e n s i t y .  As smal l  c a r r i e r  p a r t i c l e s  a r e  a b l e  t o  c a r r y  more 
drug per  u n i t  volume than t he  l a r g e r  p a r t i c l e s  i t  would be expect ed  
t h a t  any s e p a r a t i o n  i n t o  d i s t i n c t  c a r r i e r  s i z e  f r a c t i o n s  due t o  f l o w ,  
v i b r a t i o n  or  o t h e r  p r o c e s s i n g  s t r e s s e s  would l e ad  t o  some a r eas  of  
t he  mix becoming r i c h  i n  drug c o n t e n t  and o t h e r  a r e a s  be i ng  
c o r r e s p o n d i n g l y  p o o r e r .  T h i s  e f f e c t  i s  c a l l e d  ' o r d e r e d  u n i t '  
s e g r e g a t i o n  and has been observed e x p e r i m e n t a l l y  ( 6 5 ,  6 6 ) .  Ordered  
u n i t  s e g r e g a t i o n  can be mi n i mi sed  by us i ng  c a r r i e r  e x c i p i e n t s  w i t h  
s i m i l a r ,  nar row s i z e  ranges  ( 6 1 ,  62)  and s i m i l a r  d e n s i t i e s .
The second mechanism by which s e g r e g a t i o n  occur s  in o r der ed  
m i x t u r e s  i s  c a l l e d  ' c o n s t i t u e n t  p a r t i c l e '  s e g r e g a t i o n  and occurs  when 
f r e e  f i n e  p a r t i c l e s  a r e  found i n  t he  m i x t u r e .  The causes of  
c o n s t i t u e n t  p a r t i c l e  s e g r e g a t i o n  a r e  t h r e e f o l d .
1. Excess a dh e r e n t  p a r t i c l e s  ( 6 1 - 6 3 ,  6 6 , 7 0 ) .  I f  t h e  number of
a dh e r en t  p a r t i c l e s  p r e s e n t  i n  a mix i s  g r e a t e r  t han t h a t  which 
can be bound by t h e  c a r r i e r  p a r t i c l e s  then t h e  f r e e  a dh e r en t  
p a r t i c l e s  mix by s t o c h a s t i c  p r o c e s s e s .  F r ee  movement of  drug 
p a r t i c l e s  l e a d s  t o  l o c a l i s e d  c o n c e n t r a t i o n s  of  a dh e r e n t  f i n e s  
w i t h i n  t h e  m i x t u r e  and hence r educes  t h e  homogenei ty  which can 
be a t t a i n e d .
2.  I n a d e q u a t e  adhes i on f a r c e s  ( 6 6 , 6 7 ,  6 9 ) .  T h i s  form of
c o n s t i t u e n t  p a r t i c l e  s e g r e g a t i o n  occurs  when t h e  i n t e r p a r t i c l e  
adhesi on f o r c e s  a r e  i n s u f f i c i e n t  t o  p r e v e n t  t he  removal  of  t he
a d h e r e n t  f i n e s  due t o  e x t e r n a l  s t r e s s e s .  The r e s u l t  i s  t he  same 
as t h a t  d e s c r i b e d  above,  where t he  unbound f i n e  p a r t i c l e s  can 
move i n d e p e n d e n t l y  t hr ough t h e  powder bed.  I t  i s  not  a l ways
p o s s i b l e  t o  d i s t i n g u i s h  between c o n s t i t u e n t  p a r t i c l e  s e g r e g a t i o n  
due t o  excess f i n e s  or due t o  i n a d e q u a t e  adhes i on  f o r c e s .
3.  E f f e c t  of  a d d i t i o n a l  f i n e  p a r t i c l e s  ( 6 1 ,  6 3 ,  6 9 ) .  The t h i r d
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v a r i e t y  of  c o n s t i t u e n t  p a r t i c l e  s e g r e g a t i o n  t h a t  has been 
observed occurs  when a d d i t i o n a l  f i n e  p a r t i c l e s ,  eg a l u b r i c a n t ,  
a r e  added t o  an o t h e r w i s e  s t a b l e  or der ed  powder m i x t u r e .  Aga i n ,  
t h i s  t y p e  of  s e g r e g a t i o n  i s  l a r g e l y  dependent  on t h e  magni tude  
of t h e  i n t e r p a r t i c l e  f o r c e s  and hence t h e  ease and f r e q u e n c y  
wi t h  which a d h e r e n t  p a r t i c l e s  can become det ached f rom t h e i r  
c a r r i e r  s u b s t r a t e .
I f  bound a dh e r e n t  p a r t i c l e s  a r e  det ached  f rom t he  c a r r i e r  
s u b s t r a t e  then t he  added f i n e s  can compete f o r  t hose  s i t e s  which 
have been t e m p o r a r i l y  v a c a t e d .  The f i n a l  d i s t r i b u t i o n  of  t he  
two s p e c i e s  of  f i n e  p a r t i c l e  w i l l ,  t h e r e f o r e ,  be de t e r mi n ed  by 
t h e i r  r e l a t i v e  a f f i n i t i e s  f o r  t he  c a r r i e r  s u b s t r a t e .  I f  t he  
c a r r i e r  p a r t i c l e s  do not  have s u f f i c i e n t  f r e e  b i n d i n g  s i t e s  t o  
adsorb t he  a d d i t o n a l  q u a n t i t y  of  f i n e  p a r t i c l e s  added then f r e e  
a c t i v e  f i n e s  w i l l  be p r e s e n t  t he r e b y  a l l o w i n g  c o n s t i t u e n t
p a r t i c l e  s e g r e g a t i o n  t o  o cc u r .
C o n s t i t u e n t  p a r t i c l e  and o r der ed  u n i t  s e g r e g a t i o n  a r e  
f u n d a m e n t a l l y  d i f f e r e n t  f rom t h e  s e g r e g a t i o n  observed i n  non 
i n t e r a c t i n g  powder m i x t u r e s  because t he y  a r e  due t o  phenomena t h a t  
can be measured and t h e r e f o r e  c o n t r o l l e d .  P l a c i n g  a r e s t r i c t i o n  on 
t he  s i z e  d i s t r i b u t i o n  of  t he  c a r r i e r  p a r t i c l e s  has a l r e a d y  been
r e f e r r e d  t o  as a method f o r  r e d u c i n g  o r d er ed  u n i t  s e g r e g a t i o n  ( 61 ,
6 2 ) .  The e l i m i n a t i o n  of  c o n s t i t u e n t  p a r t i c l e  s e g r e g a t i o n  would 
r e q u i r e  t he  a b i l i t y  t o  de t emi ne  t he  a v a i l a b i l i t y  and magni tude  of  
i n t e r p a r t i c l e  f o r c e s  a v a i l a b l e  so t h a t  t he  q u a n t i t y  of  f i n e s  added t o  
a powder m i x t u r e  cou l d  be s u i t a b l y  a d j u s t e d .  A l t e r n a t i v e l y  t he
s u r f a c e s  f o r c e s  i n v o l v e d  i n p a r t i c l e  i n t e r a c t i o n  cou l d  be enhanced by 
s u i t a b l e  p r o c e s s i n g  of  e i t h e r  t h e  c a r r i e r  or a d h e r e n t  p a r t i c l e s  or by 
mo d i f y i n g  t h e  env i r onment  in which mi x i ng o c c u r s .  The a p p l i c a t i o n  of
any of  t he s e  o p t i o n s  a l l o w s  t h e  p o s s i b i l i t y  of  p r o d u c i n g  or der ed
m i x t u r e s  t h a t  a r e  both homogeneous and r e s i s t a n t  t o  s e g r e g a t i o n .
1.2.  I n t e r p a r t i c l e  f o r c e s  and i n t e r a c t i o n s .
The i n t e r a c t i o n s  which cause smal l  p a r t i c l e s  t o  adher e  t o  l a r g e r
c a r r i e r  p a r t i c l e s  can be s p l i t  i n t o  two c a t e g o r i e s .  The long range  
f o r c e s ,  g r a v i t y ,  magnet ism and e l e c t r o s t a t i c s ,  where t he  degr ee  of  
i n t e r a c t i o n  v a r i e s  as t he  i n v e r s e  of  t he  squar e  of  t he  d i s t a n c e  
between t he  i n t e r a c t i n g  p a r t i c l e s ,  and t h e  s h o r t  r ange  f o r c e s  due t o  
van der  Waal s-London i n t e r a c t i o n s ,  e l e c t r o s t a t i c  doubl e  l a y e r s ,
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d i p o l e  and hydrogen bondi ng ,  l i q u i d  b r i d g i n g ,  chemi ca l  and p h y s i c a l  
bondi ng which r e q u i r e  t he  i n t e r a c t i n g  p a r t i c l e s  t o  be v e r y  c l o s e  
t o g e t h e r  or i n  c o n t a c t  b e f o r e  t h e i r  e f f e c t  becomes s i g n i f i c a n t .
1 .2 .1 .  Long range i n t e r p a r t i c l e  f o r c e s .
In o r d e r e d  m i x t u r e s ,  long range  f o r c e s  a c t  on p a r t i c l e s  in two 
ways.  At a d i s t a n c e ,  t h e i r  e f f e c t  i s  t o  a t t r a c t  two p a r t i c l e s  
t o g e t h e r  so t h a t  t h e  s m a l l e r  p a r t i c l e s  i mpi nge  on t he  l a r g e r .  A f t e r  
c o l l i s i o n ,  t he  long r ange  f o r c e s  a l s o  c o n t r i b u t e  t o  t he  complex  
adhesi on f o r c e  t h a t  may bi nd t h e  s m a l l e r  p a r t i c l e  t o  t he  s u r f a c e  of  
t he  c a r r i e r  p a r t i c l e .
1 .2 .1 .1  G r a v i t a t i o n a l  a t t r a c t i o n .
G r a v i t a t i o n a l  f o r c e s  occur  as a d i r e c t  consequence of  a p a r t i c l e  
or body hav i ng  mass and a l ways  r e s u l t s  i n  t he  bod i es  or p a r t i c l e s  
i n v o l v e d  be i ng  a t t r a c t e d  t o  each o t h e r .  The magni tude  of  t he
g r a v i t a t i o n a l  f o r c e  i s  r e l a t e d  t o  t h e  mass of  t he  bod i es  i n v o l v e d  i n
t he  i n t e r a c t i o n  a c c or d i n g  t o  t h e  r e l a t i o n s h i p ,
Fq = Gmj i^ ( 1 . 2 )
 c;----
d^
where Fq = f o r c e  of  g r a v i t a t i o n a l  a t t r a c t i o n  between two bo d i es .
G = u n i v e r s a l  c o n s t a n t  of  g r a v i t a t i o n .
= 6 . 6 7 2  x 10" 11 Nm2 Kg~2 . 
mj = mass of  f i r s t  body.
m2 = mass of  second body,
d = d i s t a n c e  between t h e  two b o d i e s .
G r a v i t a t i o n a l  f o r c e s  between t he  p a r t i c l e s  i n  p h a r m a c e u t i c a l
powders mixes a r e  i n v a r i a b l y  overwhelmed by t h e  much g r e a t e r
g r a v i t a t i o n a l  a t t r a c t i o n  between t he  Ea r t h  and t he  p a r t i c l e s .  For  
t h i s  reason g r a v i t a t i o n a l  f o r c e s  a r e  much more l i k e l y  t o  promote  
s e g r e g a t i o n  i n  a powder m i x t u r e  r a t h e r  than promote t h e  f o r m a t i o n  of  
o r d e r e d  u n i t s .
1 . 2 . 1 . 2 .  E l e c t r o s t a t i c  charge.
E l e c t r o s t a t i c  f o r c e s  between p a r t i c l e s  occur  when e i t h e r  or both  
p a r t i c l e s  a r e  e l e c t r i c a l l y  charged due t o  an excess  or d e f i c i t  of  
e l e c t r o n s  (Appendi x 1 ) .  A p a r t i c l e  w i t h  an excess  of  e l e c t r o n s  i s  
s a i d  t o  be n e g a t i v e l y  charged whereas one w i t h  a d e f i c i t  of  e l e c t r o n s  
i s  s a i d  t o  be p o s i t i v e l y  c ha r g ed .  When two charged p a r t i c l e s  a r e
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exposed t o  each o t h e r  t he y  w i l l  e x p e r i e n c e  a f o r c e  of  a t t r a c t i o n  i f  
one p a r t i c l e  has a p o s i t i v e  charge  and t he  o t h e r  a n e g a t i v e  c ha r g e ,  
or a f o r c e  of  r e p u l s i o n  i f  t h e  p a r t i c l e s  a r e  both n e g a t i v e l y  or both  
p o s i t i v e l y  char ged .
In t h e  s i m p l e s t  case of  two p o i n t  e l e c t r i c  c h a r g e s ,  t he  
magni tude of  t he  e l e c t r o s t a t i c  f o r c e ,  Fe j , between them can be 
d e s c r i b e d  by Coul omb's  law (Appendi x 1 ) .
Ff?1 = q 1 q2 (1-3)
4^ r c q e r d
where F = f o r c e  of  a t t r a c t i o n  or r e p u l s i o n  ( N ) .
= e l e c t r i c  charge  on t h e  f i r s t  p a r t i c l e  i n  Coulomb ( q ) .  
q2 = e l e c t r i c  charge  on t h e  second p a r t i c l e  i n  Coulomb ( q ) .  
£q = p e r m i t t i v i t y  of  f r e e  space (Fm- * ) .
i r = r e l a t i v e  p e r m i t t i v i t y  ( d i e l e c t r i c  c o n s t a n t ,  no u n i t s  ) .  
NB. The p r oduc t  of  £g and t r  i s ,  f ,  and i s  r e f e r r e d  t o  
as p e r m i t t i v i t y  ( Fm~* ) .  
d = d i s t a n c e  between t h e  p o i n t  char ges  i n meters  (m),
= c o n s t a n t  of  p r o p o r t i o n a l i t y .
For a s i n g l e  charged p a r t i c l e  near  a f l a t  ( p l a n e )  e a r t h e d
con d u c t i n g  s u r f a c e  (Appendi x 1) t h i s  r e l a t i o n s h i p  becomes.
F e j  = q t 2 ( 1 . 4 )
1 6 * t d 2
Thi s  r e l a t i o n s h i p  i s  i m p o r t a n t  because i t  shows t h a t  a charged
p a r t i c l e  w i l l  a l ways  be a t t r a c t e d  t o  an uncharged c on d u c t i n g  s u r f a c e .
I f  t he  p l a ne  s u r f a c e  above i s  r e p l a c e d  by a second uncharged p a r t i c l e
then t he  image charge  i nduced i s  reduced f rom q t o  q'  ( 7 2 ) .
q ' = -  q /' 1 — d \ ( 1 . 5 )
I  J ( r 2 +d2 ) j
where r = r a d i u s  of  t he  uncharged p a r t i c l e .
d = d i s t a n c e  between t h e  charged p a r t i c l e  and t he  uncharged  
p a r t i c l e .
Thus t h e  f o r c e  between a p o i n t  char ge  and an uncharged p a r t i c l e  
can be w r i t t e n  as f o l l o w s ,
q2 f  i ■ d
Fe l  = I J ( r ^ + d ^ )  J ( 1 . 6 )
16 f f f g t r d^
Thi s  r e l a t i o n s h i p  a p p r o x i ma t e s  t o  e q u a t i o n  1 . 3  above as t he  
r a d i u s  of  t h e  uncharged spher e  i n c r e a s e s .
When charged p a r t i c l e s  approach each o t h e r  v e r y  c l o s e l y  t he
1 3
n a t u r e  of t h e  s u r f a c e  and t he  d i s t r i b u t i o n  of  t h e  char ge  w i t h i n  t he  
p a r t i c l e s  become i m p o r t a n t .  For  a charged p a r t i c l e  r e s t i n g  on a 
p l a ne  c onduc t or  coat ed  w i t h  a t h i n  non con d u c t i n g  o x i de  l a y e r ,  t he  
e f f e c t i v e  f o r c e  can be a p p r o x i m a t e l y  expr essed ( 73)  as
Th i s  r e l a t i o n s h i p  shows t h a t  t he  pr esence  of  a ve r y  t h i n  o x i de  
l a y e r  can s i g n i f i c a n t l y  i n c r e a s e  t h e  e l e c t r o s t a t i c  f o r c e  e x p e r i e n c e d  
by a p a r t i c l e  a t t a c h e d  t o  or r e s t i n g  on a s u r f a c e .  An a l t e r n a t i v e  
form of t h i s  r e l a t i o n s h i p  (74)  o n l y  r e q u i r e s  t h e  p a r t i c l e  t o  be 
s e p a r a t e d  by a smal l  d i s t a n c e  r a t h e r  t han r e s t i n g  on an i n s u l a t i n g  
l a y e r .  For a c ha r g e d ,  c on d u c t i n g  p a r t i c l e ,  and an e a r t h e d  con d u c t i n g  
p l a n e ,  t he  e l e c t r o s t a t i c  f o r c e  can be expr essed a s ,
Th i s  r e l a t i o n s h i p  assumes t h a t  t h e r e  w i l l  be no charge  t r a n s f e r  
between t he  charged p a r t i c l e  and t h e  e a r t h e d  c o n d u c t i n g  p l a n e  as t he  
p a r t i c l e  appr oaches .  In a d d i t i o n ,  i t  i s  a l s o  assumed t h a t  t he  
m a t e r i a l  of  t he  p a r t i c l e  or t he  p l a ne  do not  deform when t he y  a r e  in  
c l o s e  p r o x i m i t y .
I f ,  i n  t h e  above exampl e ,  t h e  m a t e r i a l s  concerned a r e  not  
c onduc t or s  then any char ge  c a r r y i n g  s p e c i e s  p r e s e n t  in t h e  p a r t i c l e  
w i l l  be f i x e d  i n p o s i t i o n  w i t h i n  t he  bul k  of  t he  body and not  e v e n l y  
d i s t r i b u t e d  over  t he  s u r f a c e ,  as i n  a c o n d u c t o r .  The i m m o b i l i s a t i o n  
of t he  charge  c a r r y i n g  s p e c i e s  i n t he  body of  t h e  p a r t i c l e  has t he  
e f f e c t  of  r e d u c i n g  t he  e l e c t r i c  f i e l d  of  char ges  f u r t h e r  f rom t he  
s u r f a c e .  Consequent l y  on l y  t hos e  char ges  w i t h i n  a s p e c i f i c  r e g i o n  a t  
t he  s u r f a c e  of  t he  p a r t i c l e  w i l l  be i n v o l v e d  i n  t he  i n d u c t i o n  of  an 
image charge  i n  t he  nearby  p l a n e .  In t h i s  case t h e  e l e c t r o s t a t i c  
f o r c e ,  F ( £ ) e j ,  ( 74)  due t o  t he  l a y e r  of  c h a r g e ,  £,  than can i n t e r a c t  
i s  g i ven  by,
( 1 . 7 )
where r = r a d i u s  of  t h e  p a r t i c l e .
s o;< = t h i c k n e s s  of  t h e  o x i de  l a y e r  on which t h e  p a r t i c l e  i s  
r e s t i n g .
q2 ( 1 . 8 )
where 'if = E u l e r ' s  c o n s t a n t  ( 0 . 5 7 7 2  ) .
d = d i s t a n c e  between t h e  sphere  and t he  p l a ne  s u r f a c e ,
r = r a d i u s  of t he  s p h e r e .
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where  £ = £Q£r
5 = + £s
= depth of  charge  l a y e r  i n  t h e  p l a n e .
£g = depth of  charge  l a y e r  i n  t h e  p a r t i c l e .
I t  shoul d  be noted t h a t  e q u a t i o n  1 . 9  o v e r e s t i m a t e s  t h e  f o r c e  due 
t o  assumpt i ons  made i n  i t s  d e r i v a t i o n  ( 7 4 ) .  T h i s  e r r o r  does not  
exceed 257. i f  & i s  w i t h i n  t h e  r ange  0 t o  l x l O “ ^m, d i s  w i t h i n  t he  
range 4 x l 0 ” ^ m  t o  l x l O ” ^m and r i s  i n  t h e  r ange  l x l C ^ m  t o  50m. I f  
t h e  p l a ne  s u r f a c e  i s  a second p a r t i c l e  then t h e  r a d i u s  term i n  
e q u a t i o n s  1 . 8  and 1 . 9  shoul d be r e p l a c e d  w i t h  r j ^ / f r j  + r*?) where r j
and r? a r e  t h e  r a d i i  of  t he  two p a r t i c l e s  i n v o l v e d  ( 7 4 ) .
1 . 2 . 1 .3  Magnet ic  f o r c e s .
Magnet i c  f o r c e s ,  Fm, a r e  t h e  r e s u l t  of  two t y p e s  of  magnet i c  
e f f e c t ,  par amagnet i sm and d i amagnet i sm ( 7 5 ,  7 6 ) .  A m a t e r i a l  i s  s a i d  
t o  e x h i b i t  par amagnet i sm when t he  atoms or mo l e cu l e s  of  t h a t  m a t e r i a l  
e x h i b i t  a magnet i c  d i p o l e  which can be a l i g n e d  t o  o b t a i n  a gross
magnet i c  f i e l d  i n  t h e  absence of  e x t e r n a l  e l e c t r i c  and magnet i c
f i e l d s .  A m a t e r i a l  t h a t  i s  d i a m a g n e t i c  i s  one whose atoms or  
mo l ecu l es  e x h i b i t  a magnet i c  d i p o l e  which can o n l y  be a l i g n e d  t o
produce a gr oss  magnet i c  f i e l d  i n  t he  p r e se nc e  of  an e x t e r n a l  
magnet i c  or e l e c t r i c  f i e l d .  Most m a t e r i a l s  have t h e  a b i l i t y  t o  be
d i a m a g n e t i c  under  t he  c o r r e c t  c o n d i t i o n s .
For t h e  usual  range  of  p h a r m a c e u t i c a l  m a t e r i a l s ,  par amagnet i sm  
i s  not  p r e s e n t  t o  any s i g n i f i c a n t  d e g r e e ,  i f  a t  a l l .  F u r t h e r m o r e ,  as
mi x i ng  i s  not  u s u a l l y  c a r r i e d  out  i n  t he  pr esence  of  s t r o n g  e l e c t r i c
or magnet i c  f i e l d s  t h e r e  a r e  no e f f e c t s  due t o  d i amagne t i s m.
At t he  macroscopi c  l e v e l ,  magnet i c  e f f e c t s  can be c o n s i d e r e d  t o  
be n o n e x i s t e n t  w i t h  r e g a r d  t o  p h a r m a c e u t i c a l  m a t e r i a l s  and can 
t h e r e f o r e  be d i smi ssed  as a mechanism f o r  t h e  l ong r ange a t t r a c t i o n  
of p a r t i c l e s  d u r i n g  mi x i n g .
1 .2 .2 .  Short  range f o r c e s .
Shor t  r ange  f o r c e s  can be d e f i n e d  as t hose  f o r c e s  which o n l y  ac t
when p a r t i c l e s  a r e  i n  v e r y  c l o s e  p r o x i m i t y  or a r e  a c t u a l l y  t o u c h i n g .
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These - forces a r e  van der  Waal s' - f o r c es , e l e c t r i c a l d o u b l  e l a y e r  f o r c e s ,  
c a p i l l a r y  or s u r f a c e  t e n s i o n  f o r c e s ,  hydrogen b ondi ng ,  chemi cal  
bondi ng,  and c r y s t a l  bondi ng and a l l  r e s u l t  i n  an i n c r e a s e  i n  t he
energy r e q u i r e d  t o  s e p a r a t e  t he  o b j e c t s  i n v o l v e d .  These t ype s  of
f o r c e s  a r e  not  f o r c e s  of  a t t r a c t i o n  i n  t he  manner of  t he  f o r c e
between e l e c t r i c  charges  and a r e  b e t t e r  v i ewed as c o n f e r r i n g  a 
s u r f a c e  ' s t i c k i n e s s '  which can o n l y  be f e l t  i f  t h e  p a r t i c l e s  a r e  
brought  w i t h i n  a f i n i t e  smal l  d i s t a n c e  which would c e r t a i n l y  be l e s s  
than l x l O ” ^m ( 7 4 ) .
1 . 2 . 2 .1 .  Forces due t o  van der Waals i n t e r a c t i o n s .
Van der  Waals’ f o r c e s  can be d e s c r i b e d  by us i ng  e i t h e r  
macroscopi c  methods ( 77 ,  78)  where t he  i n t e r a c t i o n s  between groups of  
p a r t i c l e s  a r e  c o n s i d e r e d ,  or by mi c r o s c o p i c  methods (79)  where t he  
i n t e r a c t i o n s  of  i n d i v i d u a l  atoms and mo l c u l es  a r e  c o n s i d e r e d  and then  
added t o g e t h e r .  The m i c r o s c o p i c  approach t o  van der  Waals’
i n t e r a c t i o n s  i s  based upon t he  f a c t  t h a t  t he  movement of  e l e c t r o n s  i n  
atoms or  mo l e cu l e s  cause e l e c t r i c  and magne t i c  d i p o l e s  whose
o r i e n t a t i o n  f l u c t u a t e s  v e r y  r a p i d l y  and i n  a random manner .  T h i s
s t a t e  can be r e p r e s e n t e d  by two e q u a t i o n s ,
D = E0 £r C + K ( 1 . 1 0 )
B = «0XrH + L (1 .11)
where D = d i e l e c t r i c  d i s p l a c e m e n t  due t o  t h e  spont aneous
e l e c t r i c  p o l a r i s a t i o n .
£ = e l e c t r i c  f i e l d  due t o  t he  spont aneous e l e c t r i c
p o l a r i s a t i o n .
B = magnet i c  f l u x  d e n s i t y  due t o  t h e  spont aneous  magnet i c  
p o l a r i s a t i o n .
H = magnet i c  f i e l d  s t r e n g t h  due t o  t he  spontaneous
magnet i c  p o l a r i s a t o n .
uq -  magnet i c  p e r m i t t i v i t y  (or  p e r m e a b i l i t y )  of  f r e e  space  
4Tjx 10 “ 7 (Hm-1).
jir  = r e l a t i v e  magnet i c  p e r m i t t i v i t y  (or  p e r m e a b i l i t y )  of  a 
m a t e r i a l .
L = magnet i c  moment per  u n i t  volume due t o  spontaneous
magnet i c  d i p o l e s  ( Im-1- ) .
K = e l e c t r i c  moment per  u n i t  volume due t o  spontaneous
e l e c t r i c  d i p o l e s  i n  ( qm ) .
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fAl t hough  t he  e f f e c t  of t he  spont aneous e l e c t r i c  and magnet i c  
d i p o l e s  may be ver y  pronounced when measured i n  c l o s e  p r o x i m i t y  t o  an 
atom,  when t h e  same e f f e c t  i s  measured a t  a d i s t a n c e  f o r  a l a r g e
number of  a toms,  t h e  random f l u c t u a t i o n  of  t h e  d i p o l e s  causes t h e  net
e f f e c t  t o  be z e r o .  I t  i s  f o r  t h i s  reason t h a t  van der  Waals f o r c e s  
can o n l y  a c t  over  a v e r y  s h o r t  d i s t a n c e .
The s t r e n g t h  of  t he  van der  Waal s1 f o r c e s  can be c a l c u l a t e d  usi ng
both t he  mi c r o s c o p i c  and macroscopi c  t h e o r i e s .  From t h e  macroscopi c  
t h e o r y  an a d h e s i o n a l  p r e s s u r e ,  P” vtj y ,  can be o b t a i n e d .
p'vdW = 115 <1-12)
8 * 2 (d0 )^
where F_vdW = Va° £*ef" Waal s 1 f o r c e  of  a t t r a c t i o n  per  u n i t  a r e a .  
k -  F l a n k ' s  c o n s t a n t ,
u = mean a n g u l a r  f r e q u e n c y .
X.5 = L i f s h i t z - v a n  der  Waals1 c o n s t a n t  (74)  ( u n i t s  a r e
e l e c t r o n  v o l t s ,  e V ) .  
dQ = d i s t a n c e  a t  which t he  a d h e s i o n a l  f a r c e  between t he
two s u r f a c e s  i s  a t  i t s  maximum (assumed t o  be
4 x l 0 " 10m (74)  ) .
From m i c r o s c o p i c  c o n s i d e r a t i o n s  t h e  van der  Waals* p r e s s u r e  can be 
shown g i v e n  as
F V{jw = A ( 1 . 1 3 )
6 * ( d 0 ) 3
where A = Hamaker c o n s t a n t  ( 7 8 ) .
= 3 U / ( 4 * )  ( 7 4 ) .
T h i s  r e l a t i o n s h i p  ( e q u a t i o n  1 . 1 3 )  was d e r i v e d  f o r  two p l a ne  
s u r f a c e s .  The van der  Waals f o r c e 1 between a s pher e  and a p l a n e  
s u r f a c e  (78)  i s  g i v en  by.
F°vdW = Ar ( 1 . 1 4 )
6 (d0 ) 2
where r = r a d i u s  of  t h e  s ph e r e .
E q u a t i o n s  1 . 1 2 ,  1 . 1 3  and 1 . 1 4  can be combined ( 74)  t o  g i v e
cO
vdW kSr ( 1 . 1 5 )
Bflr(d0 ) *-
E q u a t i o n  1 . 1 5  combines both t he  mi c r o s c o p i c  and macroscopi c  
e s t i m a t e s  of  t h e  van der  Waals'  f o r c e s  between an undeformed spher e  
and a p l a n e  s u r f a c e .  The s u p e r s c r i p t e d  0 i n  t h e  f o r c e  t erm i n d i c a t e s  
t h a t  t he  van der  Waals1 f o r c e  i s  be i ng measured when i t  i s  a t  i t s  
maximum. The i n v e r s e  squar e  r e l a t i o n s h i p  of  t h e  f o r c e  t o  t he
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s e p a r a t i o n  d i s t a n c e  between t h e  spher e  and t he  s u r f a c e  o n l y  a p p l i e s  
when d i s  much s m a l l e r  than r .  As t h e  s e p a r a t i o n  d i s t a n c e  between  
t h e  sphere  and t he  p l a ne  i s  i n c r e a s e d  t h i s  r e l a t i o n s h i p  changes t o  an 
i n v e r s e  f i f t h  law ( F ^ y  « d - 5  ( 7 4 ) ) .
When t he  van der  Waals i n t e r a c t i o n  i s  between two spheres
E q u a t i o n  1 . 1 5  can be mo d i f i e d  as f o l l o w s
F^vdW r l r 2 ( 1 . 1 6 )
8-jrd,-,2 ( r j + r 2 )
where rj and rr  a r e  t he  r a d i i  of  t h e  two spher es  i n v o l v e d  ( 7 4 ) .
1 . 2 . 2 . 2 .  E l e c t r i c  double la y e r  or c o n ta c t  p o t e n t i a l .
When two d i s s i m i l a r  m a t e r i a l s  a r e  b r ought  i n t o  c o n t a c t  t h e r e  i s  
a p o s s i b i l i t y  t h a t  e l e c t r i c  char ge  w i l l  be t r a n s f e r r e d  f rom one body 
t o  a n o t h e r  ( 75 ,  76 ,  80 ,  Appendix 1 ) .  I f  a t r a n s f e r  of  e l e c t r i c
char ge  does o c c u r ,  then a p o t e n t i a l  d i f f e r e n c e  i s  c r e a t e d  between t he  
two s u r f a c e s  in c o n t a c t  which i s  r e f e r r e d  t o  as t h e  ' c o n t a c t  
p o t e n t i a l * .  The term ' e l e c t r i c  doubl e  l a y e r ' ,  i n  r e l a t i o n  t o  t he  
c o n t a c t  p o t e n t i a l  of  two m a t e r i a l s ,  r e f e r s  t o  t h e  f a c t  t h a t  t h e
p o r t i o n  of  t he  s u r f a c e s  i n  c o n t a c t  each have a l a y e r  of  charge  which
i s  l o c a t e d  c l o s e  t o  t he  s u r f a c e  so t h a t  t h e r e  i s  a doubl e  l a y e r  of
e l e c t r i c  char ges  ( F i g u r e  1 . 7 ) .
The a d h e s i o n a l  p r e s s u r e  g e n e r a t e d  by t he  doubl e  l a y e r  of  charge  
i s  r e l a t i v e l y  easy t o  c a l c u l a t e  ( 74)  f o r  t h e  case where two p l a ne  
s u r f a c e s  a r e  i n v o l v e d  as t he  system a p p r o x i ma t e s  v e r y  c l o s e l y  t o  a 
c a p a c i t o r  whose c on d u c t i n g  p l a t e s  a r e  s e p a r a t e d  by a vacuum ( 7 5 ,  76 ,  
80 ,  Appendi  x 1 ) .
P' e d  = ! 0 £2 = e 0 u2 = r e l 2 ( 1 - 17)
2 2<d0 ) 2 2 (q
where U = P o t e n t i a l  d i f f e r e n c e  between t h e  two s u r f a c e s  ( V ) .
<re j = E l e c t r i c  charge  d e n s i t y  ( d i s p l a c e m e n t  ) a t  t he  
s u r f a c e s  ( qm' 2 ) .
I f  one or more of  t he  s u r f a c e s  i s  a d i e l e c t r i c  ( 74)  then t he  
r e l a t i v e  p e r m i t t i v i t y  of  t h e  two s u r f a c e s  must be c o n s i d e r e d
2 t 0 £r
where = a we i gh t ed  mean v a l u e  f o r  t he  r e l a t i v e  p e r m i t t i v i t y  of
t he  two s u r f a c e s .
Once c r e a t e d ,  t he  f o r c e s  g e n e r a t e d  by t he
e l e c t r i c  doubl e  l a y e r  a r e  as long r a n g i n g  as t hose  d i scussed  above
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when c o n s i d e r i n g  e l e c t r o s t a t i c a l l y  charged p a r t i c l e s .  The e q u a t i o n s  
■for e l e c t r i c a l l y  charged p a r t i c l e s ,  d e r i v e d  above,  cannot  be 
c o r r e c t l y  a p p l i e d  her e  because t he  char ge  g e n e r a t e d  o n l y  e x i s t s  in
t h e  i mmedi a t e  e n v i r o n s  of  t he  c o n t a c t  a r e a  and not  over  t h e  whole
s u r f  ace .
1 . 2 . 2 . 3 .  L i q u id  b r i d g i n g  f o r c e s .
The pr esence  of  an adsorbed s u r f a c e  l i q u i d ,  eg w a t e r ,  on a 
s p h e r i c a l  p a r t i c l e  and a p l a n e  s u r f a c e  w i l l  r e s u l t  i n  an a dh e s i on a l  
f o r c e .  Th i s  f o r c e  occur s  because t he  mo l e cu l e s  of  t h e  adsorbed  
l i q u i d  a r e  a t t r a c t e d  t o  t he  s u r f a c e s  of  t h e  p l a n e  and t h e  sphere  by
s h o r t  r ange  a d h e s i o n a l  f o r c e s  and,  f o r  t he  same r e a s o n s ,  o t h e r  
mo l e c u l e s  of  t h e  l i q u i d .  As a r e s u l t ,  t h e  two adsorbed s u r f a c e
l a y e r s  w i l l  t end t o  merge on c o n t a c t  and form a l i q u i d  b r i d g e  j o i n i n g
t he  p a r t i c l e  and t he  p l a n e .
The f o r c e  r e q u i r e d  t o  remove a p a r t i c l e  f rom a s u r f a c e  due t o
t h e  pr e se nc e  of  a l i q u i d  b r i d g e  (81)  i s  g i v e n  by.
FST = 4*'$r m ( 1 . 1 9 )
where Fgj  = Adhes i ona l  f o r c e  due t o  s u r f a c e  t e n s i o n  of  t h e  s u r f a c e
l i q u i d  a t  t he  p o i n t  of  c o n t a c t .
H = Su r f a c e  t e n s i o n  of  t h e  l i q u i d  f o r mi n g  t he  b r i d g e .
r m = r a d i u s  of  t he  n a r r o w e s t  p a r t  of  t he  l i q u i d  b r i d g e .
Where t he  c o n t a c t  i s  between two spher es  t h i s  r e l a t i o n s h i p  must  
be m o d i f i e d  ( 8 2 ,  84)  t o  account  f o r  t he  c u r v a t u r e  of  both s u r f a c e s .
Fib ‘  W ,  “ ■*<»
( 1  + t a n ( 0 / 2 ) 1
where 0 = a ng l e  produce by a l i n e  f rom t h e  c e n t e r  of  t h e  p a r t i c l e
t o  t he  most nar r ow p a r t  of  t he  meni scus and a l i n e  f rom
t he  c e n t e r  of  t h e  p a r t i c l e  t o  t he  l i p  of  t h e  meniscus
on t he  p a r t i c l e
The p r esence  of a l i q u i d  b r i d g e  w i l l  a f f e c t  t h e  magni tude  of  van 
der  Waa l s ,  e l e c t r o s t a t i c  and e l e c t r i e  doubl e  1aye r  f o r c e s  (74)  
because t he s e  i n t e r a c t i o n s  w i l l  t a k e  p l a c e  w i t h  t h e  l i q u i d  i n  t he  
b r i d g e  r a t h e r  than between t he  s u r f a c e s  of  t he  p a r t i c l e s .  In cases
where van der  Waals11 and e l e c t r o s t a t i c  f o r c e s  a r e  e f f e c t i v e l y  z e r o  due
t o  t he  p r esence  of  t he  l i q u i d  b r i d g e  and where t he  i n t e r n a l  
a t t r a c t i v e  f o r c e s  of  t he  l i q u i d  a r e  g r e a t e r  t han  t he  s h o r t  r ange  
f o r c e s  between t he  p a r t i c l e  and t h e  l i q u i d ,  i t  i s  p o s s i b l e  f o r  t he  
a d h e s i o n a l  f o r c e  between t he  p a r t i c l e  and t h e  s u r f a c e  t o  be reduced
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r a t h e r  t han  i n c r e a s e d .  Such an i n t e r a c t i o n  cou l d  be expect ed  when 
t he  a d h e r e n t  p a r t i c l e  i s  ve r y  hydr ophobi c  and t h e  l i q u i d  - forming t h e  
b r i d g e  i s  v e r y  h y d r o p h i l i c .
1 . 2 . 2 . 4 .  Hydrogen bond ing,  permanent and induced d ip o le  
i n t e r a c t i o n s .
Hydrogen bondi ng and permament d i p o l e  i n t e r a c t i o n s  occur  because  
of an uneven d i s t r i b u t i o n  of  t h e  char ge  d e n s i t y  of  e l e c t r o n s  i n v o l v e d  
i n  a che mi c a l  bond ( 8 4 ) .  A permanent  d i p o l e  w i l l  a l ways  e x i s t  when 
two atoms i n a chemi ca l  bond have d i f f e r e n t  e l e c t r o n e g a t i v i t i e s  ( or  
e l e c t r o n  a f f i n i t y ) .  When t h i s  phenomenon o c c u r s ,  t h e  charge  
d i s t r i b u t i o n  d e s c r i b i n g  t h e  e l e c t r o n s  i n  t he  bond w i l l  be b i ased  
t owar ds  t h e  atom w i t h  t he  g r e a t e r  e l e c t r o n e g a t i v i t y ,  t hus  c r e a t i n g  a 
r e g i o n  of  n e g a t i v e  c ha r g e .  As a r e s u l t  of  t h i s ,  t he  o t h e r  atom 
i n v o l v e d  i n  t he  bond w i l l  become p o s i t i v e l y  c ha r ged .  The e f f e c t i v e  
e l e c t r i c  c ha r ge  due t o  t h e  p o l a r i s a t i o n ,  or per manent  d i p o l e ,  so 
produced i s  smal l  compared t o  t h e  charge  on an e l e c t r o n  but  when 
summed over  a l a r g e  number of  d i p o l e s  can g i v e  r i s e  t o  a s i g n i f i c a n t  
a d h e s i o n a l  p r e s s u r e .
I f  permanent  d i p o l e s  on two s u r f a c e s  i n v e r y  c l o s e  p r o x i m i t y  a r e  
a r r a n g e d  so t h a t  o p p o s i t e  char ges  a r e  a l i g n e d  then a f o r c e  of  
a t t r a c t i o n  w i l l  be e x p e r i e n c e d  which w i l l  be s i m i l a r  t o  t h a t  due t o  
t h e  e l e c t r i c  doubl e  l a y e r .  The d i f f e r e n c e  between t he  d i p o l e - d i p o l e  
i n t e r a c t i o n  and c o n t a c t  p o t e n t i a l  i s  t h a t  no char ge  i s  t r a n s f e r r e d  
between t he  two s u r f a c e s .  The s t r e n g t h  of  permanent  d i p o l e  
i n t e r a c t i o n s  a r e  such t h a t  t he  e n e r g i e s  i n v o l v e d  i n  bondi ng can be as 
g r e a t  as 42 kJ mol e- * of  d i p o l e s  ( 8 5 ) .
Induced d i p o l e  i n t e r a c t i o n s  occur  when t h e  normal  d i s t r i b u t i o n  
of  e l e c t r o n s  i n a chemi ca l  bond a r e  p o l a r i s e d  due t o  t he  p r esence  of  
an e x t e r n a l  d i p o l e ,  e l e c t r i c  or  magnet i c  f i e l d .  In t he s e  cases a 
d i p o l e  i s  c r e a t e d  which o n l y  e x i s t s  w h i l s t  t h e  i n d u c i n g  agent  i s  
p r e s e n t .  Again t h e  e n e r g i e s  i n v o l v e d  in such bondi ng can be as hi gh  
as 42 kJ mo l e “ * ( 8 5 ) .
Hydrogen bondi ng can be vi ewed as a s p e c i a l  case of  t he  
per manent  d i p o l e  i n t e r a c t i o n  and occurs  when a hydrogen atom i s  
c h e m i c a l l y  bonded t o  a s t r o n g  e l e c t r o n  w i t h d r a w i n g  atom,  such as 
oxygen.  Hydrogen has a s t a b l e  s t a t e  when two e l e c t r o n s  a r e  i n i t s  
bondi ng o r b i t a l .  I t  i s  t h e r e f o r e  p o s s i b l e  f o r  an atom which has a 
l one  p a i r  of  e l e c t r o n s  t o  become i n v o l v e d  i n an e l e c t r o n  s h a r i n g
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ar r angement  w i t h  t he  p o s i t i v e l y  p o l a r i s e d  hydrogen atom.
The a cc ep t an c e  of  a l one p a i r  of  e l e c t r o n s  by a p o s i t i v e l y  
p o l a r i s e d  hydrogen atom s t a b i l i s e s  both t h e  donor  atom,  by r e duc i ng  
t h e  charge  d e n s i t y  a t  t h e  donor atom due t o  t h e  l one  p a i r ,  and t he  
e l e c t r o n e g a t i v e  atom bonded t o  t he  hydr ogen,  by a l l o w i n g  i t  t o  ga i n  
a g r e a t e r  shar e  of  t he  e l e c t r o n s  shared w i t h  t h e  hydrogen atom.  The 
bond e n e r g i e s  i n v o l v e d  i n  hydrogen bondi ng a v e r a g e  around 27 KJ 
mol e“ * ( 84 ,  8 5 ) .  I t  shoul d  be noted t h a t  hydrogen bondi ng o n l y  occurs  
when a l one  p a i r  of  e l e c t r o n s  a r e  shared by t he  hydrogen atom and
t h a t  t he  l one  p a i r  a l ways  r emai ns  c h e m i c a l l y  bonded t o  t h e  donor
atom.  When a p o l a r i s e d  hydrogen atom i s  a s s o c i a t e d  w i t h  a no t h er  
d i p o l e ,  a d i p o l e - d i p a l e  i n t e r a c t i o n  occurs  and not  a hydrogen bond.
1 . 2 . 2 . 5 .  Chemical bonding.
An a d h e s i v e  bond w i l l  occur  i f  a c t u a l  chemi ca l  bondi ng occurs  
between s u r f a c e s  which a r e  i n  c o n t a c t .  W h i l s t  i t  i s  f e a s i b l e  f o r  
such bonds t o  occur  t he y  a r e ,  i n  t he  s h o r t  t e r m ,  v e r y  i mp r o b a b l e  in
t h e  case of  most p h a r m a c e u t i c a l  e x c i p i e n t s  and a c t i v e s .  The
c o n t r i b u t i o n  of  chemi ca l  bondi ng t o  i n t e r p a r t i c l e  adhes i on  f o r c e s  i s  
v e r y  l i k e l y  t o  be n e g l i g i b l e  and t h e r e f o r e  w i l l  not  be c o n s i d e r e d  any 
f u r t h e r .
1 . 2 . 2 . 6 .  Mechanical  bonding.
Mechani ca l  bondi ng between two s u r f a c e s  can occur  due t o  
r e c r y s t a l l i s a t i o n ,  s u r f a c e  d i f f u s i o n  and e v a p o r a t i o n  and 
r e c o n d e n s a t i o n  ( 7 4 ) .  R e c r y s t a l l i s a t i o n  may occur  where s o l u b l e  
m a t e r i a l s  a r e  d i s s o l v e d  i n t he  l i q u i d  of  a l i q u i d  b r i d g e  which  
s u b s e q u e n t l y  d r i e s  out  t h e r e b y  d e p o s i t i n g  d i s s o l v e d  m a t e r i a l  a t  t he  
i n t e r f a c e .  A l t e r n a t i v e l y  one or  both of  t he  s u r f a c e s  may be 
c r y s t a l l i n e  and have wa t e r  a s s o c i a t e d  w i t h  t h e  c r y s t a l  s t r u c t u r e .  An 
a p p l i e d  compr ess i ve  f o r c e  may do s u f f i c i e n t  work on t he  s u r f a c e s  t o  
r a i s e  t h e i r  t e m p e r a t u r e  above t he  m e l t i n g  p o i n t  of  t h e  c r y s t a l  ( s e l f  
s o l u b i l i s a t i o n ) .  The l i q u i d  formed would cool  and c o n s e q u e n t l y  
r e c r y s t a l  1 i s e  f o r mi n g  a mechani ca l  bond.
S u r f a c e  d i f f u s i o n  occurs  when t h e  m a t e r i a l s  i n v o l v e d  a t  t he  
c o n t a c t  p o i n t  a r e  a b l e  t o  d i f f u s e  i n t o  each o t h e r  t o  form a 
c o n t i n u o u s  m a t r i x .  I t  i s  u n l i k e l y  t h a t  t h e  c o n d i t i o n s  f o r  such an 
e v e nt  would occur  a t  normal  t e m p e r a t u r e  w i t h  t h e  common range of  
p h a r m a c e u t i c a l  m a t e r i a l s  ( 7 4 ) .  E v a p o r a t i o n  and r e c o n d e n s a t i o n
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i m p l i e s  t h a t  t h e  t e m p e r a t u r e  a t  t he  i n t e r - f a c e  between two s u r f a c e s  i s  
such t h a t  one i s  a b l e  t o  me l t  or v a p o r i s e  and t h e n ,  a t  a subsequent  
t i m e ,  condense or s o l i d i f y .  Again i t  i s  u n l i k e l y  t h a t  t he  
t e m p e r a t u r e  n ec es s ar y  f o r  t h i s  phenomenon t o  occur  would be a v a i l a b l e  
i n  p h a r m a c e u t i c a l  powder systems.
1 .2 .3 .  E f f e c t  of  c o n ta c t  d e fo rm a t io n  on i n t e r p a r t i c l e  adhesion.
Dur i ng t h e  d i s c u s s i o n  of  t he  long and s h o r t  r ange  f o r c e s  t h a t  
may a c t  between two p a r t i c l e s  ( s e c t i o n s  1 . 2 . 1  and 1 . 2 . 2 ) i t  has been 
assumed t h a t  t h e  p a r t i c l e s  have e i t h e r  been s e p a r a t e d  by a smal l  
d i s t a n c e  or t h a t  t he y  a r e  t o u c h i n g .  Thus f a r  no c o n s i d e r a t i o n  has 
been g i ven  t o  t he  e f f e c t  of  d e f o r m a t i o n  of  t he  s u r f a c e s  a t  t he  p o i n t  
of  c o n t a c t  ( 7 4 ,  B6 - 8 8 ) .
The d e f o r m a t i o n  t h a t  occurs  when a s p h e r i c a l  p a r t i c l e  approaches  
a p l a n e  s u r f a c e  depends upon t h e  r e l a t i v e  har dness  of  t h e  two 
s u r f a c e s .  I f  t he  m a t e r i a l  of  t he  p a r t i c l e  i s  h a r d e r  than t h a t  of  t he  
p l a n e  s u r f a c e  then t he  p l a ne  s u r f a c e  w i l l  be de f or med.  However ,  i f  
t h e  p l a ne  s u r f a c e  i s  h a r de r  than t he  m a t e r i a l  of  t h e  s p h e r i c a l
p a r t i c l e  then t he  s p h e r i c a l  p a r t i c l e  w i l l  be def or med.  In cases
where t he  har dnesses  of  t he  two m a t e r i a l s  a r e  comparabl e  t he  
d e f o r m a t i o n  e x p e r i e n c e d  on c o n t a c t  w i l l  be between t he s e  two
ex t r e me s .
When c o n t a c t  d e f o r m a t i o n  occur s  t h e  mechanism of d e f o r m a t i o n  
w i l l  be e i t h e r  e l a s t i c  ( r e c o v e r a b l e )  or p l a s t i c  (non r e c o v e r a b l e  or  
p e r m a n e n t ) ,  or  a c ombi na t i o n  of  both ( 7 4 ,  8 6 - 8 8 ) and,  i n  a d d i t i o n ,
may a l s o  e x h i b i t  a t i me  dependent  component ,  c r e e p ,  where t he
deformed a r e a  i n c r e a s e s  s l o w l y  w i t h  t i me  ( 7 4 ) .  Where c reep occurs
t he  i n c r e a s e  in t he  c o n t a c t  a r e a  between t he  two s u r f a c e s  i n  c o n t a c t  
produces  a c o r r e s p o n d i n g  i n c r e a s e  i n t h e  a d h e s i ve  bond.  However ,  i n  
t he  case of  e l a s t i c  d e f o r m a t i o n ,  t h e  i n c r e a s e  i n  t he  a d h e s i ve  bond i s  
due t o  t he  e l e c t r o s t a t i c  doubl e  l a y e r  formed and not  t o  van der  Waals^ 
i n t e r a c t i o n s  as t he s e  a r e  r e v e r s i b l e  ( 8 6 , 87 ,  8 9 ) .  C o n v e r s e l y ,  where  
t h e  d e f o r m a t i o n  i s  due t o  p l a s t i c  d e f o r m a t i o n  t he  van der  Waals^ 
component  of  t he  a d h e s i ve  bond w i l l  not  be r e v e r s i b l e .  M a t e r i a l s
t h a t  s u f f e r  p l a s t i c  d e f o r m a t i o n ,  when i n  c o n t a c t ,  w i l l  be s u b j e c t  t o  
a g r e a t e r  a d h e s i v e  bond f o r  t he  same a r ea  of  c o n t a c t  i f  i t  i s  assumed 
t h a t  a l l  o t h e r  a spec t s  of  bond f o r m a t i o n  a r e  e q u a l .
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1 .2 .4  General adhesion e q u a t ion .
Krupp (74)  d e r i v e d  a g e n e r a l  e q u a t i o n  which d e s c r i b e s  t he  
a d h e s i v e  - force between a p e r f e c t l y  smooth spher e  and a p e r f e c t l y  
smooth p l a ne  where t he  r a d i u s  of  t h e  c o n t a c t  a r ea  was much s m a l l e r  
than t h a t  of  t he  c o n t a c t i n g  s ph e r e .
F = F0 /* 1 + F'“ + r  1 / 3 ^ f ^ 3 / 2 ( i ~v 2 ) r H ( t n 2 P“ \  ( 1 . 2 1 )
I H ( t )  1 - 2 / 3 2 E (t) J ^
where
F^ “ f o r c e  a c t i n g  on t h e  a d h e r e n t s  a t  t h e  p o i n t  of  c o n t a c t  (eg 
e l e c t r o s t a t i c  and van der  Waals' ) p r i o r  t o
d e f o r m a t i o n .
P-  = f o r c e  due t o  t he  a t t r a c t i v e  f o r c e s  acr oss  t h e  a r e a  of  
adhesi on  (eg d i p o l e  i n t e r a c t i o n ,  van der  Waals1, E l e c t r i c  
doubl e  l a y e r  e f f e c t s  but  not  mechani ca l  or chemi ca l  
e f f e c t s ) .
H ( t ) = Time dependent  har dness  of  t h e  s o f t e r  of  t he  two 
c o n t a c t i n g  m a t e r i a l s .
E ( t )  = Time dependent  Young' s  modulus of  t h e  s o f t e r  of  t he  two 
c o n t a c t i n g  m a t e r i a l s .
Vp = Poi sson number of  t h e  s o f t e r  of  t he  two c o n t a c t i n g  
m a t e r i  a l s
r = r a d i u s  of  t h e  s phe r e .
The v a l u e s  of  1 / 3  and - 2 / 3  a r e  used f o r  d e f o r m a t i o n  w i t h o u t  
e l a s t i c  r e c o v e r y  and d e f o r m a t i o n  w i t h  e l e s t i c  r e c o v e r y  r e s p e c t i v e l y .
The s t r i c t  a p p l i c a t i o n  of  t h i s  r e l a t i o n s h i p  i s  d i f f i c u l t  as t he  
mi c r o s c o p i c  v a l u e s  f o r  H ( t ) ,  E ( t )  and Vp a r e  v e r y  d i f f i c u l t  t o  o b t a i n  
as t h e y  cannot  be asssumed t o  be s i m i l a r  t o  t h e  v a l u e s  o b t a i n e d  f o r  
t h e  b u l k  m a t e r i a l .  In v i ew of  t he s e  d i f f i c u l t i e s ,  t h i s  r e l a t i o n s h i p  
i s  i n c l u d e d  her e  f o r  t h e  sake of  compl e t eness  r a t h e r  t han any r e a l  
p r a c t i c a l  a p p l i c a t i o n .
1 .2 .5 .  Comparison of  the  c o n t r i b u t i o n s  of  the  long and s h o r t  
range fo r c e s  i n v o lv e d  i n  i n t e r p a r t i c l e  adhes ion.
When a f i n e  p a r t i c l e  adher es  t o  a l a r g e r  c a r r i e r  p a r t i c l e  t he  
a d h e s i v e  f o r c e  must be g r e a t e r  than t h e  s e p a r a t i n g  f o r c e
a p p l i e d  due t o  g r a v i t y .  The maximum s e p a r a t i o n  f o r c e  due t o  g r a v i t y  
occur s  when t he  a d h e r e n t  p a r t i c l e  i s  suspended under ne a t h  t h e  c a r r i e r  
p a r t i c l e  and i s  e q u i v a l e n t  t o  t he  mass of  t he  a d h e r e n t  p a r t i c l e  t i me s  
t h e  a c c e l e r a t i o n  due t o  g r a v i t y  ( 9 . 8 1  ms *■ ) .  I f  i t  i s  assumed t h a t
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t he  c a r r i e r  and a dh e r en t  p a r t i c l e s  a r e  p e r f e c t l y  smooth spher es  each 
w i t h  a d e n s i t y  of  1000 kgm- °  and d i a m e t e r s  of  2G0pm and 5 pm 
r e s p e c t i v e l y  then t h e  maximum s e p a r a t i o n  f o r c e  t h a t  can be a p p l i e d  by 
g r a v i t y  i s  ( 9 . 8 0 6 6 5 x 6 . 5 4 5 0 x 10” ^  ) 6 . 4 1 8 5 x 1 0 “ ^  N. Thus f o r  a
p a r t i c l e  t o  adher e  t o  t h e  s u r f a c e  of  t he  c a r r i e r  p a r t i c l e  t he  
a d h e s i v e  f o r c e  must be g r e a t e r  t han 6 . 4 1 8 5 x 1 0 “ ^  N.
The f o r c e  of  g r a v i t a t i o n a l  a t t r a c t i o n  between t h e  two p a r t i c l e s  
can be c a l c u l a t e d  us i ng  e q u a t i o n  1 . 2  and i s  I Q ~ ^  N. Th i s
f i g u r e  assumes t h a t  t h e  two p a r t i c l e s  a r e  t ou c h i n g  so t h a t  t he  
d i s t a n c e  between t h e i r  c e n t r e s  of  g r a v i t y  i s  102.5pm.  The a dh e s i on a l  
g r a v i t a t i o n a l  f o r c e  i s  t h e r e f o r e  ^  3;<10- ^  t i me s  l e s s  than t he  
g r a v i t a t i o n a l  f o r c e  between t h e  p a r t i c l e  and t h e  Ea r t h  and can,  
t h e r e f o r e ,  be c o n s i d e r e d  t o  be non e x i s t e n t  f o r  p r a c t i c a l  p a r t i c l e  
systems.
The f o r c e  e x e r t e d  on an uncharged p a r t i c l e  due t o  an 
e l e c t r o s t a t i c  char ge  on a second p a r t i c l e  can be c a l c u l a t e d  usi ng  
e q u a t i o n  1 . 6 .  The maximum s u r f a c e  char ge  d e n s i t y  t h a t  can be 
p r a c t i c a l l y  a t t a i n e d  by a s p h e r i c a l  p a r t i c l e  ( i n  a i r )  b e f o r e  t he  
magni t ude  of  t h e  e l e c t r i c  f i e l d  causes i o n i s a t i o n  of  t h e  s ur r o un d i n g  
a i r  i s  g i ven  by 8 . l B x 1 0 “ ^ r “ ®*^ coulomb m“  ^ ( 7 2 ) .  Thus i f  t he  charged  
p a r t i c l e  i s  t h e  2 0 0 pm d i a m e t e r  c a r r i e r  p a r t i c l e  ( s u r f a c e  a r ea
_7 n
1 . 2 5 6 6 x 1 0  m^) t he  maximum s u s t a i n a b l e  s u r f a c e  char ge  d e n s i t y  can be
c a l c u l a t e d  as ^  I x l O -  ^ qm” ^.  Th i s  charge  d e n s i t y  i s  e q u i v a l e n t  t o  
an e l e c t r o s t a t i c  charge  of  ^ 2 - ' x l 0 " * *  q.  The f o r c e  e x e r t e d  on t he  
5pm d i a m e t e r  uncharged p a r t i c l e  due t o  t h i s  charge
exceeds t h a t  due t o  g r a v i t y  up t o  a maximum d i s t a n c e  of  x l 0 “ ,im.
W h i l s t  t h i s  d i s t a n c e  may appear  t o  be smal l  compared t o  t h e  p o t e n t i a l  
s i z e  of  a powder bed i t  i s  in f a c t  s u f f i c i e n t  t o  ensur e  t h a t  any f i n e  
p a r t i c l e  moving i n t h e  i n t e r s t i c e s  of  a packed powder bed w i l l  be
a t t r a c t e d  t o  and bound t o  a c a r r i e r  p a r t i c l e  s u r f a c e .
When t h e  uncharged p a r t i c l e  above i s  adhered t o  t h e  c a r r i e r  
p a r t i c l e  t he  f o r c e  of  adhes i on w i l l  be d e s c r i b e d  by e i t h e r  e q u a t i o n  
1 . 8  i f  t h e  p a r t i c l e s  a r e  c on d u c t o r s  or e q u a t i o n  1 . 9  i f  a t  l e a s t  one 
of t h e  p a r t i c l e s  i s  a d i e l e c t r i c .  In t h e  case of  p h a r m a c e u t i c a l  
m a t e r i a l s  i t  i s  p r o b a b l e  t h a t  both m a t e r i a l s  w i l l  e f f e c t i v e l y  be 
d i e l e c t r i c s  (non c o n d u c t o r s )  so t h a t  e q u a t i o n  1 . 9  w i l l  a p p l y ,
s u i t a b l y  m o d i f i e d  f o r  t h e  case of  two spher es  r a t h e r  than a sphere
and a p l a n e  s u r f a c e .
I f  i t  i s  assumed t h a t  t he  charge  l a y e r ,  £,  i s  t h e  maximum
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a l l o w e d  ( l x l O “ fim) ,  t h a t  t he  p a r t i c l e s  a r e  a t  t he  d i s t a n c e  of  maximum 
• force ( dQ =0-4x10"^ m) , t h a t  t he y  a r e  e-f -f e c t i  ve l  y s e p a r a t e d  by vacuum 
( £r =1  ) ,  no s u r f a c e  d e f o r m a t i o n  occurs  on e i t h e r  p a r t i c l e  and t h a t  
no char ge  t r a n s f e r  t a k e s  p l a c e  then t h e  a d h e s i v e  f o r c e ,  F ( £ ) e j ,  i s  
In compar i son ,  t he  g r a v i t a t i o n a l  f o r c e  r e q u i r e d  t o  
p u l l  t h e  a d h e r e n t  p a r t i c l e  f rom t h e  s u r f a c e  of  t h e  c a r r i e r  p a r t i c l e  
would need t o  be 4 x 1 0 * *  g r e a t e r  than t h a t  due t o  t h e  ear t r fs  g r a v i t y .  
W h i l s t  t h e  a t t a i n m e n t  of  t h i s  magni tude  of  adhesi on f o r c e  i s  u n l i k e l y  
due p u r e l y  t o  e l e c t r o s t a t i c  e f f e c t s  t he  c a l c u l a t i o n  does s e r v e  t o  
show t h a t  e l e c t r o s t a t i c  c h a r g i n g  of  p a r t i c l e s  can p l a y  a ver y  
s i g n i f i c a n t  r o l e  i n  p a r t i c l e  a dh e s i on .
Usi ng e q u a t i o n  1 . 9  t h e  minimum charge  r e q u i r e d  t o  cause p a r t i c l e  
a dhes i on  between t he  200 >jro d i a m e t e r  c a r r i e r  par  t i d e  and t he  5>jm 
d i a m e t e r  p a r t i c l e  can be c a l c u l a t e d  as ' ^ ‘2 _x l 0 “ *^ q.  Th i s  magni tude  
of c har ge  i s  e q u i v a l e n t  fee bh«xk o f  \ 6 >0  e l e c t r o n s  and cou l d  be 
r e a d i l y  accommodated by t he  m a t e r i a l  of  t he  c a r r i e r  p a r t i c l e .
From e q u a t i o n  1 . 16  t h e  magni tude  of  t he  L i f s h i t z - v a n  der  Waals*
c o n s t a n t  (photon ener gy )  r e q u i r e d  f o r  t h e  minimum adhesi on  f o r c e  can
be c a l c u l a t e d  as fc-1 ,x 10” 24 J or ^  ~j x l 0 “ ^ eV.  T h i s  i s  v e r y  
smal l  compared t o  o t h e r  p u b l i s h e d  r e s u l t s  ( 7 4 ) .  I f  a more r e a l i s t i c  
f i g u r e  of  2 eV i s  used f o r  t h e  L i f s h i t z - v a n  der  WaalsJ c o n s t a n t  in  
e q u a t i o n  1 . 1 6  then t he  adhes i on  f o r c e  can be c a l c u l a t e d  as
^ l x  10~ 7 N. The van der  Waals* adhes i on f o r c e ,  assuming t h a t  t he  
L i f s h i t z - v a n  der  Waals* c o n s t a n t  i s  2 eV,  i s  t hus  ^  3  ‘. x l 0 ’J t i me s  
t h a t  due t o  g r a v i t a t i o n a l  a t t r a c t i o n .  T h i s  c a l c u l a t i o n  suggest s  t h a t  
van der  Waals*  i n t e r a c t i o n s  w i l l  a l ways  have a s i g n i f i c a n t  
c o n t r i b u t i o n  t o  p a r t i c l e  adhes i on  i n  p h a r m a c e u t i c a l  p a r t i c l e  systems.
When two p a r t i c l e s  a r e  br ought  i n t o  c o n t a c t  e l e c t r i c  charge  may 
be t r a n s f e r r e d  t o  c r e a t e  a doubl e  l a y e r  which c r e a t e s  an a dh e s i v e  
bond ( 7 4 ) .  I f  i t  i s  assumed t h a t  s u f f i c i e n t  char ge  i s  t r a n s f e r r e d  t o  
p r e v e n t  t he  5^m d i a m e t e r  p a r t i c l e  (as above)  f rom be i ng  removed f rom 
t h e  c a r r i e r  p a r t i c l e  s u r f a c e ,  t h a t  t he  mean we i gh t e d  d i e l e c t r i c  
c o n s t a n t  of  t he  two m a t e r i a l s  i s  a t  l e a s t  3 ( c e l l u l o s e  a c e t a t e  f o r  
exampl e  i s  3 . 8  ( 8 0 ) ) ,  and t h a t  t he  t r a n s f e r r e d  char ge  has t he  
maximum char ge  d e n s i t y  p e r m i t t e d  f o r  a 2 0 0 >jm d i a m e t e r  sphere
( 1 x l 0 ~ ^  qm-  ^ ( 7 2 ) )  then t he  c o n t a c t  a r e a  can be c a l c u l a t e d .  From
. _  I C  n
e q u a t i o n  1 . 1 8  t h e  c o n t a c t  a r e a  can be c a l c u l a t e d  as ^  Z  xlO m*-.
/\ -it <i,
The sfe<kio«va.l oLfdt of  t h e  5nm d i a m e t e r  spher e  i s  Xx\C>  ^  which
L
i s  1 *1 6  t i m e s  t h e  d i a m e t e r  of  t h e  c o n t a c t  a r e a  and i m p l i e s  t h a t  t h i s
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s i t u a t i o n  i s  f e a s i b l e .  Perhaps t h e  most s u r p r i s i n g  a spec t  of  t h i s  
h y p o t h e t i c a l  s i t u a t i o n  comes f rom a c o n s i d e r a t i o n  of  t he  amount of  
c har ge  t r a n s f e r r e d  t o  cause a dh e s i on .  I f  t he  maximum p o s s i b l e  charge  
d e n s i t y  f o r  t h e  2 0 0 ^m d i a m e t e r  spher e  i s  assumed (as i t  was above)  t o  
be \ x l O ”  ^ qm-  ^ and t he  c a l c u l a t e d  c o n t a c t  a r e a  i s  ~ 2 . x l O - ^
nr  then t h e  t o t a l  char ge  t r a n s f e r r e d  i s  q which i s
e q u i v a l e n t  t o  2  e l e c t r o n s !
The e f f e c t  of  t h e  pr esence  of  an e l e c t r i c  doubl e  l a y e r  i s  
d i f f i c u l t  t o  gauge because of  t h e  probl ems a s s o c i a t e d  w i t h  a c c u r a t e l y  
measur i ng t h e  c o n t a c t  a r e a .  The c a l c u l a t i o n s  above have been used t o  
i l l u s t r a t e  t h a t  t h e  presence  of  an e l e c t r i c  doubl e  l a y e r  can 
s i g n i f i c a n t l y  c o n t r i b u t e  to t he  i n t e r p a r t i c l e  adhes i on  f o r c e  and t h a t  
t h i s  i s  t r u e  even when t he  c o n t a c t  a r ea  i s  r e l a t i v e l y  s m a l l .
When t he  s u r f a c e s  of  t he  two p a r t i c l e s  a r e  cover ed by an
adsorbed m o l e c u l e ,  such as w a t e r ,  t he  f o r c e  of  adhes i on can be
d e s c r i b e d  by e q u a t i o n  1 . 2 0  (or  1 . 1 9  i f  t h e  a n g l e  subtended by t he
c o n t a c t  a r e a  i s  v e r y  s m a l l ) .  I f  i t  i s  assumed t h a t  t h e  two p a r t i c l e s
a r e  he l d  t o g e t h e r  p u r e l y  by t he  wa t e r  b f 'u ig e  (where t he
-3 -1s u r f a c e  t e n s i o n  of  wa t e r  i s  72-8x10 Nm 1 ) t h e n ,  f o r  t he  minimum 
adhes i on  f o r c e ,  t he  r a d i u s  of  t h e  nar row p a r t  of  t h e  meniscus can be 
c a l c u l a t e d  as ^  1  x l O - ^  m which c or r esponds  t o  an a r ea  of  
m^. T h i s  a r e a  i s  s i g n i f i c a n t l y  l e s s  t han t h a t  r e q u i r e d
f o r  t he  g e n e r a t i o n  of  an e l e c t r i c  doubl e  l a y e r  w i t h  an e q u i v a l e n t
f o r c e .  I f  t he  r a d i u s  of  t he  c o n t a c t  a r e a  o b t a i n e d  f o r  t he  e l e c t r i c
doubl e  l a y e r  i s  used i n  p l a c e  of  t he  r a d i u s  of  t h e  meniscus then t he
f o r c e  of  a d h e s i o n ,  F ^ ^ , can be e s t i m a t e d ,  us i ng  e q u a t i o n  1 . 2 0 , as 
^  *2. x l 0 “ * *  N, a p p r o x i m a t e l y  3 0  t i me s  t h e  s e p a r a t i o n  f o r c e  due t o  
g r a v i t y .  I t  shoul d however be noted t h a t  t h e  clb
t h e  w a t e r / t r i a m t e r e n e  or w a t e r / c e l  1 u l o s e  i n t e r f a c e  may be much l e s s  
t han t h a t  the. caa.tex-' nd t h i s  would dec r e as e  t he
s t r e n g t h  of  t he  l i q u i d  b r i d g e  bond a c c o r d i n g l y .
The ener gy  r e q u i r e d  by d i p o l e  or hydrogen bonds t o  overcome t he  
s e p a r a t i n g  f o r c e  of  g r a v i t y  can be o b t a i n e d  by r e a l i s i n g  t h a t  t he  
work per  u n i t  t i me  done on t he  a d h e r e n t  par  t i d e  must be e q u i v a l e n t  
t o  t h e  ener gy  i n v o l v e d  i n  t he  bond i n  o r d e r  f o r  i t  t o  be br oken .  The 
ener gy  e q u i v a l e n t  t o  t he  minimum adhesi on f o r c e  nec e s s a r y  t o  p r e v e n t  
t he  a d h e r e n t  p a r t i c l e  f rom be i ng  removed f rom t he  c a r r i e r  p a r t i c l e  
s u r f a c e  can t h e r e f o r e  be c a l c u l a t e d  as ~  1 x l O " ^  J.  I f  i t  i s  
assumed t h a t  t he  bond ener gy  of  t h e  d i p o l e  or hydrogen bond i s  29 kJ
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mol e"*  then t he  number of  d i p o l e  or hydrogen bonds r e q u i r e d  can be 
c a l c u l a t e d  as >(10^. I f  t he  mol e cu l e s  i n v o l v e d  i n  hydrogen
bondi ng a r e  wa t e r  ( m o l e c u l a r  volume of  wa t e r  = 1 8 . 0 1 8 x 1 0 ”  ^ m^  mol e - *)  
then t h e  c r oss  s e c t i o n a l  a r ea  i n v o l v e d ,  assuming one hydrogen bond 
per  m o l e c u l e ,  would be ^  x l O - * ^  m^.
The c a l c u l a t i o n s  above have been made t o  e s t a b l i s h  a c o m p a r a t i v e  
measure of  t h e i r  p o t e n t i a l  c o n t r i b u t i o n  t o  t h e  a d h e s i o n a l  f o r c e  
between a 200/im d i a m e t e r  p a r t i c l e  and a 5^m d i a m e t e r  p a r t i c l e .  In 
o r d e r  t o  p e r f o r m some of  t he s e  c a l c u l a t i o n s  i t  has been n ec essar y  t o  
make assumpt i ons  c on c er n i ng  l o c a l  c o n d i t i o n s  so i t  may be t h a t  
i n a c c u r a c i e s  of  s e v e r a l  o r d e r s  of  magni tude i n  any of  t h e  c a l c u l a t e d  
e s t i m a t e s  have been i n t r o d u c e d .  D e s p i t e  t h i s  u n c e r t a i n t y  t he  
compar i sons  i n d i c a t e  t h a t  most of  t he  mechanisms o u t l i n e d  above a r e  
c a p a b l e  of  c o n t r i b u t i n g  s i g n i f i c a n t l y ,  i f  not  w h o l l y ,  t o  t he  
i n t e r p a r t i c l e  adhes i on f o r c e .  However ,  as r e a l  s u r f a c e s  a r e  not
smooth or  homogeneous,  i t  i s  h i g h l y  p r o b a b l e  t h a t  t he  adhesi on f o r c e s
in a r e a l  p a r t i c l e  system w i l l  be a complex c o m b i n a t i o n  of  some or  
a l l  of  t h e  above mechanisms.  The r e l a t i o n s h i p s  d e f i n e d  above should  
be a p p l i e d  w i t h  d i s c r e t i o n  i f  a mean i ng f u l  i n t e r p r e t a t i o n  of  p a r t i c l e  
adhes i on  d a t a  i s  r e q u i r e d .
1.3 .  I n t e r p a r t i c l e  f o r c e s  and ordered  powder m ix tu re s .
I t  was s t a t e d  above t h a t  an i n c r e a s e  i n  t he  degr ee  of  p a r t i c l e  
i n t e r a c t i o n  i n  an o r d er ed  powder m i x t u r e  shoul d c o n t r i b u t e  t owards  
i mp r o v i n g  homogenei ty  by r e d u c i n g  t h e  p o t e n t i a l  f o r  component  
p a r t i c l e  s e g r e g a t i o n .  T e s t i n g  such a h y p o t h e s i s  r e q u i r e s  some method 
f o r  measur i ng t h e  degr ee  of  adhes i on  i n a powder bed so t h a t  t he  
e f f e c t  of  enhanci ng t he  i n t e r p a r t i c l e  f o r c e s  can be q u a n t i f i e d  i n a 
u s a b l e  manner.
1 .3 .1 .  Measurement of  i n t e r p a r t i c l e  adhesion f o r c e s .
The assessment  of  t h e  degr ee  of  p a r t i c l e  i n t e r a c t i o n  has been 
r e p o r t e d  by a number of  a u t h o r s  who have examined e i t h e r  t h e  bul k  
b e h a v i o u r  of  powders ( 5 1 ,  58 ,  6 6 , 71 ,  9 0 - 9 4 )  or  t h e  adhesi on f o r c e s
p r e s e n t  i n  s i n g l e  o r d er ed  u n i t s  ( 9 5 ,  9 6 ) .  The f o r me r  approach a l l o w s  
t h e  s t a b i l i t y  of  t he  bu l k  m i x t u r e  t o  be assesed and can be used t o  
d i s c r i m i n a t e  between o r d er ed  powder m i x t u r e s  where t he  i n t e r p a r t i c l e  
adhesi on  f o r c e s  a r e  poor f rom t hose  where t he  i n t e r p a r t i c l e  adhesi on  
f o r c e s  a r e  s t r o n g .  However ,  no i n f o r m a t i o n  i s  p r o v i d e d  about  t he
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r ange  or  magni tude  of  t h e  s e p a r a t i n g  f o r c e s  t h a t  p r e v a i l  so t h a t  i t  
can be d i f f i c u l t  t o  d i s t i n g u i s h  between t h e  pr esence  of  weak 
adhesi on  and an excess of  f i n e  p a r t i c l e s  ( 6 5 ) .
The l a t t e r  approach a l l o w s  d e t a i l e d  i n f o r m a t i o n  about  t he  
adhes i on  f o r c e s  between i n d i v i d u a l  a d h e r e n t  p a r t i c l e s  and c a r r i e r  
p a r t i c l e s  t o  be c o l l e c t e d  but  cannot  d e s c r i b e  t he  b e h a v i o u r  of  t he
bul k  powder .  In s i mp l e  cases i t  i s  p o s s i b l e  t o  c a l c u l a t e  t he
a dhes i on  f o r c e s  a c t i n g  on i n d i v i d u a l  ( 96)  or  groups (95)  of  a dh e r en t
p a r t i c l e s  as has been done i n mare f undament a l  p a r t i c l e  adhesi on
s t u d i e s  ( 74 ,  9 7 - 9 9 ) .  Exami ni ng i n d i v i d u a l  a d h e r e n t  p a r t i c l e s  i n t h i s  
manner a l l o w s  t he  q u a n t i t y  of  t h e  a dh e r en t  component  removed t o  be 
d i r e c t l y  r e l a t e d  t o  t h e  a p p l i e d  s e p a r a t i n g  f o r c e .  T h i s  method w i l l  
be d i s cus se d  i n  d e t a i l  i n  Chapt er  4.
1 . 3 . 1 . 1 .  D e te rm in a t io n  of  the  s t a b i l i t y  of  bu lk  samples of  an 
ordered  m ix tu re .
The d e t e r m i n a t i o n  of  t he  s t a b i l i t y  of  a bu l k  sample of  an 
or d e r e d  m i x t u r e  by s i e v i n g  has been r e p o r t e d  by a number of  workers  ( 
5 1 ,  90 ,  91 ,  9 3 ,  9 4 ) .  G e n e r a l l y ,  a sample of  t h e  powder t o  be 
examined i s  p l a ce d  on a s i e v e  whose a p e r t u r e  i s  l e s s  than t he  
d i a m e t e r  of  t h e  c a r r i e r  p a r t i c l e s  but  l a r g e r  than t h e  d i a m e t e r  of  t h e  
a d h e r e n t  p a r t i c l e s .  S i e v i n g  i s  then c a r r i e d  out  f o r  a known p e r i o d  
us i ng  a mechani ca l  s i e v i n g  system ( i e  v i b r a t i n g  s i e v e  shaker  or a i r  
j e t )  and t he  m a t e r i a l  pass i ng  t hr ough t he  s i e v e  c o l l e c t e d .  The 
q u a n t i t y  of  t h e  a d h e r e n t  f i n e s  pass i ng  t hr ough t h e  s i e v e  mesh i s  then  
measured as a f u n c t i o n  of  t i me  or  degr ee  of s i e v i n g  t he r e b y  a l l o w i n g  
t h e  s t a b i l i t y  of  t he  o r d er ed  m i x t u r e  t o  be assessed .
However ,  wh i s t  s i e v i n g  does s t r e s s  a powder bed,  t h e  f o r c e s  
a p p l i e d  a r e  v e r y  dependent  on t h e  s i e v i n g  c o n d i t i o n s  used.  I t  i s ,  
f o r  exampl e ,  h i g h l y  l i k e l y  t h a t  t he  t o t a l  amount of  a dhe r en t  
p a r t i c l e s  d i s l o d g e d  i n an a i r  j e t  s i e v e  w i l l  be s i g n i f i c a n t l y  g r e a t e r  
than t he  amount of  a dh e r e n t  p a r t i c l e s  d i s l o d g e d  by a g y r a t o r y  or  
v i b r a t i n g  s i e v e  s h a k e r .  In a d d i t i o n ,  a d i s a d v a n t a g e  of  s i e v i n g  i s  
t h a t  t h e  pr ocess  can be d i f f e r e n t  t o  t he  c o n d i t i o n s  u s u a l l y  
e nc o u nt e r ed  d u r i n g  t h e  p r e p a r a t i o n  of  t h e  f i n a l  dosage f o r m,  t he  
e x c e p t i o n  be i ng powder i n  t h e  f eed  f rame of  a r o t a r y  t a b l e t  p r e s s .  
C o n v e n t i o n a l l y ,  p r i o r  t o  p r o c e s s i n g ,  t he  bu l k  powder i s  he l d  in a 
hopper  which i s  s u b j e c t  t o  v i b r a t i o n  f rom t h e  p r o c e s s i n g  equ i pment .  
For t h i s  reason a number of  wor ker s  have used v i b r a t e d  powder beds t o
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s i m u l a t e  s t o r a g e  in a hopper  d u r i n g  p r o c e s s i n g  ( 5 8 ,  6 6 , 71 ,  92 ,  93
100) .
The d e t e r m i n a t i o n  of  t he  s t a b i l i t y  of  bu l k  samples of  an or der ed  
m i x t u r e  by v i b r a t i o n  of  a powder bed has been per f or med usi ng two 
methods.  In both cases t h e  powder bed i s  p l a c e d  i n  a c o n t a i n e r  and 
s u b j e c t e d  t o  v i b r a t i o n  of  known f r e q u e n c y  f o r  a s p e c i f i c  d u r a t i o n .  
One method employed has been t o  remove smal l  samples f rom w i t h i n  t he  
bul k  of  t h e  powder bed ( 7 3 ,  9 3 ) .  Th i s  a l l o w s  t h e  c o n c e n t r a t i o n  of
t he  a dh e r en t  m a t e r i a l  t o  be e s t i m a t e d  a t  s p e c i f i c  p o i n t s  i n  t he  
powder bed but  i s  s u b j e c t  t o  t he  sampl i ng  e r r o r s  u s u a l l y  a s s o c i a t e d  
wi t h  t h i s  method.  An a l t e r n a t i v e  method,  used by S t a n i f o r t h  ( 58 ,  6 6 , 
92,  100)  u t i l i s e d  a powder hopper  t h a t  coul d  be d i s m a n t l e d  a l a y e r  at  
a t i m e .  T h i s  a l l o we d  t he  t o t a l  c o n c e n t r a t i o n  of  drug i n  a l a y e r  of  
t he  powder bed t o  be e s t i m a t e d .  T h i s  p r oce dur e  has l e s s  e r r o r  
a s s s o c i a t e d  w i t h  i t  because t he  whole of  t he  powder bed i s  a n a l y s e d ,  
however ,  t h e  d i s t r i b u t i o n  of  t he  a dh e r e n t  p a r t i c l e s  w i t h i n  each 
s e c t i o n  i s  unknown.
1 .3 .2 .  D e te rm in a t io n  of  i n t e r p a r t i c l e  adhesion f o r c e s  in  ordered 
uni  t s .
The measurement  of  t he  adhes i on f o r c e s  between t h e  i n d i v i d u a l  
a dhe r en t  p a r t i c l e s  and t he  c a r r i e r  p a r t i c l e s  r e q u i r e s  some means of  
a p p l y i n g  a s e p a r a t i n g  f o r c e  t o  t h e  a dh e r e n t  system.  A method f o r
a c h i e v i n g  t h i s  has been d e s c r i b e d  by Krupp (74)  who used a c e n t r i f u g e  
t o  a pp l y  a s e p a r a t i n g  f o r c e  t o  d i f f e r e n t  t y p e s  of  smal l  p a r t i c l e  
which were a d h e r i n g  t o  a p l a n e  meta l  s u b s t r a t e  ( i e  f l a t  s u r f a c e ) .
Th i s  method has t he  a dvant age  t h a t  r e l a t i v e l y  l a r g e  s e p a r a t i n g  
f o r c e s  can be a p p l i e d  t o  smal l  p a r t i c l e s  i n a non i n v a s i v e  manner
and,  as a consequence,  has been w i d e l y  used and adapted by a number
of  wor ker s  ( 73 ,  81 ,  9 6 - 9 9 ,  101 - 1 03  ) t o  measure i n t e r p a r t i c l e
adhesi on f o r c e s  i n  a number d i f f e r e n t  systems.  Of p a r t i c u l a r  
i n t e r e s t  a r e  t h e  a p p l i c a t i o n s  where t h i s  method has been used to  
examine t he  e f f e c t s  of  e l e c t r o s t a t i c  f o r c e s  ( 7 3 ,  103)  and
h u m i d i t y ( 7 8 ,  101,  102 ) on t he  magni tude  of t he  adhesi on f o r c e s
between smal l  p a r t i c l e s  and p l a n e  s u r f a c e s .
The c e n t r i f u g a l  method f o r  d e t e r m i n i n g  i n t e r p a r t i c l e  adhesi on  
f o r c e s  u t i l i s e s  t e s t  p a r t i c l e s  which have been s c a t t e r e d  o n t o ,  dusted  
on or o t h e r w i s e  p l aced  onto t h e  a dh e r en t  s u r f a c e .  The d i s t r i b u t i o n  
of t he  a dh e r e n t  p a r t i c l e s  i s  t hen r e c o r d e d ,  u s u a l l y  p h o t o g r a p h i c a l l y ,
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then exposed t o  a s e p a r a t i n g  f o r c e  by a p p l y i n g  c e n t r i f u g a t i o n .  A f t e r  
c e n t r i f u g a t i o n ,  t he  d i s t r i b u t i o n  of  t he  r e ma i n i n g  a d h e r e n t  p a r t i c l e s  
i s  aga i n  r e co r d e d  so t h a t  t he  d i s t r i b u t i o n  b e f o r e  and a f t e r  can be 
compared.
The a dh e r e n t  p a r t i c l e s  a r e  then s u b j e c t e d  t o  a second,  l a r g e r ,  
s e p a r a t i n g  f o r c e  by c e n t r i f u g i n g  a t  a h i g h e r  r o t a t i o n a l  speed.  A f t e r  
c e n t r i f u g a t i o n  t he  d i s t r i b u t i o n  of  t he  a d h e r e n t  p a r t i c l e s  i s  aga i n  
r e c o r d e d .  Th i s  pr ocess  i s  r e p e a t e d  a t  known and i n c r e a s i n g  
c e n t r i f u g a t i o n  speeds t he r e b y  p r o v i d i n g  a range of  s e p a r a t i n g  f o r c e s .  
Comparison of  t h e  r e c o r d s  of  t he  a d h e r e n t  p a r t i c l e  d i s t r i b u t i o n s  made 
between each p e r i o d  of  c e n t r i f u g a t i o n  a l l o w s  t he  i d e n t i f i c a t i o n  of  
any p a r t i c l e s  t h a t  were d i s l o d g e d .  Then,  as t he  c e n t r i f u g a t i o n  speed 
necessar y  t o  d i s l o d g e  a p a r t i c l e ,  i t s  d e n s i t y  and d i a m e t e r  a r e  known,  
t he  s e p a r a t i n g  f o r c e  which removed t h e  p a r t i c l e  f rom t h e  a dhe r en t  
s u r f a c e  can be c a l c u l a t e d .
Thi s  t e c h n i q u e  a l l o w s  an adhes i on f o r c e  p r o f i l e  t o  be 
c o n s t r u c t e d  f o r  a p a r t i c l u a r  t y p e  of  a dh e r e n t  m a t e r i a l  and s u r f a c e  
usi ng known c o n d i t i o n s .  A number of  d i f f e r e n t  p r o f i l e s  can be
o b t a i n e d  f o r  d i f f e r e n t  m a t e r i a l s  so t h a t  i t  becomes p o s s i b l e  t o  
compare t he  b e h a v i o u r  of  a d h e r e n t  p a r t i c l e s  a p p l i e d  t o  d i f f e r e n t  
a dher en t  s u r f a c e s  or under  a v a r i e t y  of  a t mo s p h e r i c  c o n d i t i o n s .
The a p p l i c a t i o n  of  a c e n t r i f u g a t i o n  method f o r  measur i ng
adhesi on f o r c e  p r o f i l e s  has been a p p l i e d  t o  o r d e r e d  m i x t u r e s  ( 69 ,  95 ,  
96,  1 0 4 - 1 06 )  w i t h  v a r y i n g  degr ees  of success .  S t a n i f o r t h  e t  al  ( 69 ,
95 ,  105,  106)  a p p l i e d  c e n t r i f u g a l  s e p a r a t i n g  f o r c e s  t o  samples of  an
or der ed  m i x t u r e  which were s uppor t ed  by a s t e e l  mesh. Dur i ng
c e n t r i f u g a t i o n  any f i n e  a d h e r e n t  p a r t i c l e s  t h a t  were d i s l o d g e d  were  
a b l e  t o  f a l l  t h r ough t he  mesh and were c o l l e c t e d .  A f t e r  
c e n t r i f u g a t i o n  t he  d i s l o d g e d  f i n e s  were measured usi ng a
s p e c t r o p h o t o m e t r i c  assay .  Using t h i s  method i t  was shown t h a t  i t  was 
p o s s i b l e  t o  d e r i v e  adhes i on p r o f i l e s  f o r  t h e  a d h e r e n t  p a r t i c l e s  in  
or der ed  m i x t u r e s  and t h a t  t h e  d i f f e r e n t  m i x t u r e s  employed had
d i f f e r e n t  adhes i on p r o f i l e s  ( 6 9 ,  95 ,  105,  1 0 6 ) .
Laycock e t  a l  (96)  were a b l e  t o  examine t he  adhesi on f o r c e
p r o f i l e s  of  s i n g l e  or der ed  u n i t s  us i ng  a l o g i c a l  e x t e n s i o n  of  t he  
method used by S t a n i f o r t h .  Here s i n g l e  or der ed  u n i t s  were t r a p p e d  a t  
one end of  a ve r y  f i n e  h o l e  d r i l l e d  t hr ough a b r ass  p l a t e .  The
or der ed  u n i t s  were back i l l u m i n a t e d  by an i n t e n s e ,  c o l d ,  f i b r e  o p t i c  
l i g h t  s our c e .  Phot omi c r ogr a phs  were t hen t aken  f rom t he  o t h e r  s i d e
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of t h e  br ass  p l a t e  b e f o r e  and a f t e r  c e n t r i f u g a t i o n .  Using t h i s  
t e c h n i q u e  i t  was p o s s i b l l e  t o  g e n e r a t e  adhesi on f o r c e  p r o f i l e s  f o r  an 
or d e r e d  m i x t u r e  of  a red food dye and Elcema G250 i n a s i m i l a r  manner  
t o  t h a t  of  S t a n i f o r t h  e t  a 1 C9 6 ) .  Th i s  method of  exami ni ng t he  
adhesi on f o r c e  p r o f i l e s  of  t he  a d h e r e n t  p a r t i c l e s  i n a s i n g l e  or der ed  
u n i t  was found t o  have probl ems ( 1 0 4 ) .  The f o r c e s  a p p l i e d  t o  remove  
a d h e r e n t  p a r t i c l e s  were a l s o  found t o  deform t he  c a r r i e r  p a r t i c l e s  so 
t h a t  t he  a r ea  examined p h o t o m i c r o g r a p h i c a l 1 y changed w i t h  i n c r e a s i n g  
c e n t r i f u g a t i o n  speed.  In some cases t h e  o r der ed  u n i t s  were e x t r u d e d  
t h r ough  t he  h o l e  i n  t he  br ass  p l a t e  and as a consequence coul d  not  be 
examined any f u r t h e r .  A second,  more s e r i o u s  p r o b l em,  was t h a t  t he  
dept h of  f i e l d  a v a i l a b l e  f o r  pho t o mi c r o g r ap h y  was l e s s  than t he  depth  
of t h e  s u r f a c e  of  t he  o r d er ed  u n i t s  be i ng exami ned.  Consequent l y  
some ar eas  of  t he  phot o mi c r o g r ap h s  used were out  of  f ocus  and t he  
a c c u r a t e  d e t e r m i n a t i o n  of  t h e  p o s i t i o n  or pr e se nc e  of  t he  a dh e r en t  
p a r t i c l e s  was c o n s e q u e n t l y  d i f f i c u l t .  Th i s  l a t t e r  problem 
r e p r e s e n t e d  an a b s o l u t e  p h y s i c a l  l i m i t a t i o n  because t h e  depth of  
f i e l d  and r e s o l u t i o n  r e q u i r e m e n t s  were a t  or beyond t h e  l i m i t s  of  
c o n v e n t i o n a l  l i g h t  mi croscopy  ( 1 0 4 ) .
1 .3 .3 .  Enhancement of  p a r t i c l e  i n t e r a c t i o n s .
The enhancement  of  p a r t i c u l a t e  i n t e r a c t i o n  can be ach i e ve d  
e i t h e r  by changi ng t he  p h y s i c a l  s t r u c t u r e  of  t h e  m a t e r i a l s  i n v o l v e d  
or by i n c r e a s i n g  t he  magni tude  and t ype  of  t h e  n a t u r a l l y  o c c u r r i n g  
c o h e s i v e  f o r c e s  a l r e a d y  p r e s e n t  a t  t h e  s u r f a c e .  The m o d i f i c a t i o n  of  
t he  m a t e r i a l s  i n v o l v e d  t o  i mprove i n t e r a c t i o n  between p a r t i c l e s  i s  
p r o b a b l y  t he  l e a s t  d e s i r a b l e  of  t h e s e  measures a l t h o u g h  i t  has been 
employed i n  a t t e m p t s  t o  i mprove t h e  d i s s o l u t i o n  r a t e  of  m a t e r i a l s  
( 107)  and t h e  compressi on p r o p e r t i e s  of  t a b l e t i n g  e x c i p i e n t s  ( 106 ,  
1 0 7 ) .  The enhancement  of  t h e  s u r f a c e  f a r c e s  i n v o l v e d  i n  p a r t i c l e  
i n t e r a c t i o n  a l r e a d y  occurs  d u r i n g  some p r o c e s s i n g  methods a l t h o u g h  i t  
i s  not  done by d e l i b e r a t e  i n t e n t i o n (  107,  1 0 8 ) .
I t  has a l r e a d y  been observed t h a t  t he  p r esence  of  h i gh l e v e l s  of  
h u m i d i t y  i n c r e a s e s  t h e  amount of  p a r t i c l e  i n t e r a c t i o n  i n powder mixes  
( 4 5 - 4 8 ) .  A s i m i l a r  e f f e c t  has a l s o  been observed by o t h e r  workers  
( 1 0 1 ,  102,  109,  110)  who have measured t h e  e f f e c t  of  a t mospher i c
m o i s t u r e  on t h e  s t r e n g t h  of  adhes i on of  smal l  p a r t i c l e s  t o  p l a ne  
s u r f a c e s .  In c o n t r a s t ,  adhes i on  measurements have a l s o  been made 
usi ng  p a r t i c l e s  adhered under  a vacuum ( 9 8 ) .  The mi x i ng of  metal
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powder in a vacuum has a l s o  been found t o  i mprove t h e  homogenei ty  of  
t he  powder m i x t u r e  ( 1 1 1 ) .
Ph a r m a c e u t i c a l  p r o c e s s e s ,  such as m i l l i n g ,  s i e v i n g  and m i x i n g ,  
o f t e n  produce hi gh l e v e l s  Df  e l e c t r o s t a t i c  char ge  ( 1 0 0 ,  1 1 2 - 1 1 4 ) .  
The g e n e r a t i o n  of  an e l e c t r o s t a t i c  charge  i s  due t o  t he  f o r m a t i o n  of  
new s u r f a c e s ,  d u r i n g  m i l l i n g ,  or t he  t r i b o e l e c t r i c  g e n e r a t i o n  of  an 
excess of  f r e e  e l e c t r o n s  d u r i n g  t h e  mi x i ng o p e r a t i o n  i t s e l f  t h r ough  
i n t e r p a r t i c l e  f r i c t i o n .  The p r esence  of  e l e c t r o s t a t i c  char ges  on 
smal l  p a r t i c l e s  has a l s o  been shown t o  i n c r e a s e  t he  degree  of  
adhesi on  between t hose  p a r t i c l e s  and t he  s u r f a c e s  t o  which t hey  
adher e  ( 73 ,  1 0 3 ) .
The degr ee  of  p a r t i c l e  i n t e r a c t i o n  p r e s e n t  i n  a powder m i x t u r e  
coul d  be m a n i p u l a t e d  by usi ng e i t h e r  h u m i d i t y  or  e l e c t r o s t a t i c  
c h a r g e s ,  p a r t i c u l a r l y  as i t  has been demons t r a t ed  t h a t  t he s e  two 
a l r e a d y  i m p l i c a t e d  i n  m o d i f y i n g  p a r t i c l e  i n t e r a c t i o n .  There  a r e  
however  probl ems a s s o c i a t e d  w i t h  t he  use of  both h u m i d i t y  and 
e l e c t r o s t a t i c  f a r c e s  t h a t  p r e c l u d e  t h e i r  use in c e r t a i n  
c i r c u m s t a n c e s .
I n c r e a s i n g  t he  ambi ent  h u m i d i t y  d u r i n g  mi x i ng  would not  be 
p o s s i b l e  i f  t h e  drug or any o t h e r  c o n s t i t u e n t  i n  t he  powder mix was 
a d v e r s e l y  a f f e c t e d  by t he  presence  of  a t mo s p he r i c  or s u r f a c e  
m o i s t u r e ,  eg m o i s t u r e  l a b i l e  d r u g s ,  or r e a d i l y  wa t e r  s o l u b l e  powders  
such as sugar  based t a b l e t i n g  e x c i p i e n t s .  E l e c t r o s t a t i c  d i s c h a r g e s  
i n  t h e  pr esence  of  dust  c l ouds  of  f i n e  p a r t i c l e s  i s  a common cause of  
i n d u s t r i a l  e x p l o s i o n s  ( 1 1 5 ) .  The p o t e n t i a l  f o r  powder e x p l o s i o n s  has 
n o t ,  however ,  p r e v e n t e d  a number of  a t t e m p t s  a t  mi x i ng  powders by t he  
a p p l i c a t i o n  of  e l e c t r o s t a t i c  char ges  ( 1 0 0 , 106 ,  1 1 6 - 1 2 0 ) .
1 .3 .4 .  A p p l i c a t i o n  of  e l e c t r o s t a t i c  f o r c e s .
When a p p l i e d  t o  eve r yda y  o b j e c t s ,  e l e c t r o s t a t i c  f o r c e s  appear  
ve r y  weak i n  compar i son t o  g r a v i t a t i o n a l  f o r c e s .  However ,  when 
e l e c t r o s t a t i c  f o r c e s  a r e  a p p l i e d  t o  v e r y  smal l  o b j e c t s ,  as 
demons t r a t ed  above,  t he y  can overcome both g r a v i t a t i o n a l  and 
aerodynami c  f o r c e s  and become t h e  p r edomi nant  f a c t o r  when c o n s i d e r i n g  
t h e  movement of  such p a r t i c l e s .  The s t r e n g t h  of  e l e c t r o s t a t i c  f o r c e s  
i n  such s i t u a t i o n s  has l ed  t o  t h e i r  wi despr ead  use i n  i n d u s t r i a l  
a p p l i c a t i o n s  ( 1 2 1 , 1 2 2 ) i n  f i e l d s  as d i v e r s e  as t h e  c o n t r o l  of  a i r  
p o l l u t i o n ,  a i r  f i l t r a t i o n ,  x e r o g r a ph y  ( p h o t o c o p y i n g ) ,  mi n e r a l  
p r o c e s s i n g  and e f f i c i e n t  powder c o a t i n g  p r ocesses  used t o  r e p l a c e
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c o n v e n t i o n a l  spr ay  p a i n t i n g  ( 1 2 3 - 1 3 0 ) .  A l l  of  t h e s e  p r ocesses  use 
e l e c t r o s t a t i c  f o r c e s  e i t h e r  t o  cause t he  c a p t u r e  of  f i n e  p a r t i c l e s  
onto  a s u r f a c e  ( 1 2 3 - 1 2 5 ,  127,  129)  or  t o  s e p a r a t e  p a r t i c l e s  w i t h
d i f f e r e n t  char ge / mass  r a t i o s  ( 12 6 ,  128,  1 3 0 ) .
1.4 .  E l e c t r e t s .
A l l  of  t h e  a p p l i c a t i o n s  f o r  e l e c t r o s t a t i c  char ges  d e s c r i b e d  
above depend upon t he  use of  e l e c t r o s t a t i c  char ges  produced by an 
excess of f r e e  e l e c t r o n s  or i o n s .  The use of  mo b i l e  e l e c t r o s t a t i c  
char ges  i s  v e r y  common but  i s  not  t h e  o n l y  method by which
e l e c t r o s t a t i c  f o r c e s  can be employed.  In c e r t a i n  c i r c u m s t a n c e s  i t  i s
p o s s i b l e  t o  i nduce  a q u a s i - p e r m a n e n t  e l e c t r o s t a t i c  f i e l d  i n  a
m a t e r i a l  which i s  not  dependent  on t h e  pr esence  of  a mobi l e
e l e c t r o s t a t i c  charge  but  i s  a r e s u l t  of  t h e  e l e c t r o n i c  p r o p e r t i e s  of  
t h e  m a t e r i a l  i t s e l f .  Such a m a t e r i a l  would be t he  e l e c t r o s t a t i c  
e q u i v a l e n t  of  a permanent  magnet .  T h i s  concept  was f i r s t  used by 
H e a v i s i d e  ( 1 3 1 ,  132)  who used t h e  term ' e l e c t r e t '  t o  d e s c r i b e  a body 
t h a t  e x h i b i t e d  a per manent  e l e c t r o s t a t i c  char ge .
The a b i l i t y  of  m a t e r i a l s  t o  form e l e c t r e t s  when exposed t o  
s u i t a b l e  c o n d i t i o n s  i s  a f u n c t i o n  of  both t h e  macr oscopi c  and quantum 
b e h a v i o u r  of  groups of  atoms and m o l e c u l e s .  Appendix 1 has been 
i n c l u d e d  as an i n t r o d u c t i o n  t o  e l e c t r o s t a t i c  and quantum b e h a v i o u r  of  
m a t e r i a l s  which emphasi ses t he  t h e o r e t i c a l  conc ept s  r e l a t e d  t o  t he  
f o r m a t i o n  of  e l e c t r e t s .
1 .4 .1 .  A p p l i c a t i o n s  of  e l e c t r e t s .
E l e c t r e t  r e s e a r c h  i s  e x t e n s i v e  ( 1 3 3 ,  1 3 4 ) ,  and e l e c t r e t s  have
found a wide r ange of  a p p l i c a t i o n s ,  some of  which a r e  t he  l o g i c a l  
deve l opment  of  t hose  p r ocesses  ment i oned above and o t h e r s  which a r e  
t h e  d i r e c t  r e s u l t  of  t h e  s p e c i a l  p r o p e r t i e s  of  t h e  e l e c t r e t  i t s e l f .  
For exampl e ,  t he  i n c l u s i o n  of  e l e c t r i s e d  m a t e r i a l s  i n  f i l t e r s  can 
i mprove  t h e i r  e f f i c i e n c y  w i t h o u t  i n t r o d u c i n g  t he  h az a r d s  i n v o l v e d  
w i t h  t h e  use of  mob i l e  e l e c t r o s t a t i c  char ge  ( 1 3 5 ,  1 3 6 ) .  E l e c t r e t s  in  
t h e  form of  t h i n  f i l m s  a r e  used i n  t h e  ma n uf a c t u r e  of  microphones  
( 137 )  and d o s i m e t e r s  f o r  measur i ng exposur e  t o  r a d i a t i o n  ( 1 3 7 ,  1 3 8 ) .
The advant age  of  us i ng an e l e c t r i c  f i e l d  produced by an e l e c t r e t  
i s  t h a t  i t  removes t he  danger  of  e l e c t r o s t a t i c  d i s c h a r g e  due t o  t he
f unda ment a l  d i f f e r e n c e  i n  t he  way t h e  e l e c t r i c  f i e l d  i s  g e n e r a t e d .
The a p p l i c a t i o n  of  e l e c t r o s t a t i c  a t t r a c t i o n  t o  t h e  probl em of
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i n c r e a s i n g  t he  degree  of p a r t i c l e  i n t e r a c t i o n  i n  powder mixes has not  
been t o t a l l y  s uc c e s s f u l  as t he  e l e c t r o s t a t i c  char ges  used a r e
d i s s i p a t e d  too r a p i d l y  ( 1 0 0 ,  106,  1 1 6 - 1 2 0 ) .  However ,  i f  t he
e l e c t r o s t a t i c  a t t r a c t i o n  between p a r t i c l e s  i n  a powder m i x t u r e  was 
p r o v i d e d  by an e l e c t r i c  f i e l d  due t o  an e l e c t r e t ,  then t he
e l e c t r o s t a t i c  charge  would not  d i s s i p a t e  r a p i d l y  nor  would t h e r e  be 
t he  i n h e r e n t  danger  of  a powder e x p l o s i o n .
The i n d u c t i o n  of  t he  e l e c t r e t  e f f e c t  i n  c e l l u l o s e  and c e l l u l o s e  
r e l a t e d  or d e r i v e d  compounds ( c e l l o p h a n e  and A v i - c e l  ( s i c ) )  has been 
r e p o r t e d  by s e v e r a l  a u t h o r s  ( 13 9 - 15 ' o ) .  T h i s  e v i d e n c e  f o r  t he
e l e c t r e t  e f f e c t  i n  c e l l u l o s i c  m a t e r i a l s  would i n d i c a t e  t h a t  c e l l u l o s e  
based compr essi on e x c i p i e n t s ,  such as A v i c e l  and El cema,  shoul d have  
t h e i r  e l e c t r e t  f a r mi n g  p o t e n t i a l  i n v e s t i g a t e d .  The s u c c e s s f u l  
i n d u c t i o n  of  t he  e l e c t r e t  e f f e c t  i n  t h e s e  m a t e r i a l s  woul d ,  of  c o u r s e ,  
l e ad  t o  an i n v e s t i g a t i o n  of  t h e i r  use i n  t h e  f o r m a t i o n  of  s t a b i l i s e d  
o r d e r e d  powder m i x t u r e s .
1 .4 .2 .  The c l a s s i c a l  t h e r m o e l e c t r e t .
The f i r s t  p r a c t i c a l  work i n t o  t h e  d e l i b e r a t e  ma nuf a c t ur e  of  
e l e c t r e t s  was per for med by Eguchi  US’l - l S ’8 ) ,  who i n v e s t i g a t e d  t h e  
change i n t he  c o n d u c t i v i t y  of  n a t u r a l l y  o c c u r r i n g  waxes and r o s i n s  
w i t h  t e m p e r a t u r e  ( 1 5 6 ) .  T h i s  work l ed  Eguchi  t o  t he  c o n c l u s i o n  t h a t  
i t  shoul d  be p o s s i b l e  t o  o b t a i n  a p e r ma n e n t l y  p o l a r i s e d  d i e l e c t r i c  
by a l l o w i n g  t he s e  waxes t o  s o l i d i f y  i n  t he  p r e se nc e  of  a s t r o n g  
e l e c t r i c  f i e l d .
The o r i g i n a l  method used by Eguchi  ( ISI  ) t o  ma nuf a c t ur e  
e l e c t r e t s  employed a sample of  wax which was mel t ed  and then exposed  
to  a s t r o n g  e l e c t r i c  f i e l d .  The wax was then a l l o w e d  t o  cool  and 
s o l i d i f y  w h i l s t  s t i l l  under  t h e  i n f l u e n c e  of  t he  e l e c t r i c  f i e l d .  
When c o o l ,  t he  samples of  wax used were found t o  e x h i b i t  a permanent  
e l e c t r i c  f i e l d  which was p r e s e n t  t h r ou g h o u t  t h e  volume of  t he  wax 
( \ £ l ) ,  and which p e r s i s t e d  d e s p i t e  a t t e m p t s  t o  remove i t  (15“2/-15'5’, 
1 5 7 ) .  By ma n u f a c t u r i n g  wax e l e c t r e t s  us i ng  a v a r i e t y  of  methods,  
Eguchi  was a b l e  t o  d e t e r mi n e  t h a t  t he  e l e c t r e t  e f f e c t  observed was 
due t o  t h e  pr esence  of  p o l a r i s e d  e l ement s  t h r o u g h o u t  t he  body of  t he  
observed e l e c t r e t  ( 1 5 b ) .
E l e c t r e t s  formed by t he  s i m u l t a n e o u s  a p p l i c a t i o n  of  hea t  and an 
e l e c t r i c  f i e l d  a r e  now c a l l e d  t h e r m o e l e c t r e t s  and t h e r m o e l e c t r e t s  
ma n uf a c t u r ed  f rom o r g a n i c  waxes or r o s i n s  (such as car nauba  wax) a r e
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s a i d  t o  be ' c l a s s i c a l '  t h e r m o e l e c t r e t s  ( 1 5 3 ) .  The charge  s t o r e d  in  
car nauba  wax t h e r m o e l e c t r e t s  has been s t u d i e d  e x t e n s i v e l y  ( 1 6 0 - 1 6 ^ )  
and been -found t o  be caused by t he  a l i g n m e n t  of  p o l a r  mo l ecu l es  and 
t h e  pr esence  of  a space charge  component .
1 .4 .3 .  Measurement of charge s to rage  in  e l e c t r e t s .
The charge  s t o r e d  i n an e l ec t r e t  can be a complex combi naton of  a 
number of  char ge  s t o r a g e  mechanisms dependi ng upon t he  method used t o  
ma n uf a c t u r e  t h e  e l e c t r e t .  The measurement  of  t he  char ge  s t o r e d  in an 
e l e c t r e t  can be done us i ng two methods each of  which has advant ages  
and d i s a d v a n t a g e s .
The magni tude  of  t h e  e l e c t r i c  f i e l d  produced by t h e  net  charge  
on an e l e c t r e t  can be assessed by measur i ng t h e  charged i nduced i n a 
c o n d u c t i n g  body p l aced  i n  t h a t  e l e c t r i c  f i e l d ,  t h a t  i s ,  t h e  
measurement  of  t he  i nduced c h a r g e .  T h i s  method of  measur i ng t he  
char ge  of  an e l e c t r e t  was used by Eguchi  ( 1 5 5 ) .  One problem 
a s s o c i a t e d  w i t h  t h i s  t y p e  of  measurment  i s  e n s u r i n g  t h a t  t he  induced  
c har ge  i s  due s o l e l y  t o  t he  e l e c t r i c  f i e l d  of  t he  e l e c t r e t  and not  
due t o  t r a n s i e n t  e l e c t r o s t a t i c  char ges  g e n e r a t e d  d u r i n g  h a n d l i n g  
( 1 6 8 ) .  A more f undament a l  probl em i s  t h a t  t he  measurement  of  t he  
e l e c t r i c  f i e l d  g e n e r a t e d  by an e l e c t r e t  does not  g i v e  any i n d i c a t i o n  
of t h e  mechanisms by which t he  char ge  i s  s t o r e d .
A l t e r n a t i v e  t e c h n i q u e s ,  t h e  f r e q u e n c y  dependence of  t h e  e l e c t r i c  
f i e l d  ( 170)  or t he  e l e c t r i c  f i e l d  r espone t o  h i gh i n t e n s i t y  l i g h t  
p u l s e s  ( 1 7 1 ) ,  have been deve l oped  f o r  measur i ng t h e  e l e c t r i c  f i e l d  
g e n e r a t e d  by an e l e c t r e t .  However ,  t he s e  p r o ce d u r es  s t i l l  r e l y  on 
measur i ng an i nduced char ge  and s t i l l  produce l i t t l e  or no 
i n f o r m a t i o n  c onc er n i ng  t h e  mechanisms by which t he  e l e c t r i c  f i e l d  i s  
g e n e r a t e d .  The measurement  of  t he  e l e c t r i c  f i e l d  of  an e l e c t r e t  
usi ng  char ge  i n d u c t a n c e  has t he  a dvant age  of  p r e s e r v i n g  t h e  charge  on 
t he  e l e c t r e t  t h e r e b y  making i t  p o s s i b l e  t o  mo n i t o r  t h e  e l e c t r i c  f i e l d  
g e n e r a t e d  by an e l e c t r e t  over  long p e r i o d s .
The main a l t e r n a t i v e  method used t o  measure t h e  char ge  s t o r e d  in  
an e l e c t r e t  i s  based on h e a t i n g  t h e  e l e c t r e t  i n  a c o n t r o l l e d  manner  
and measur i ng t he  changes in t h e  e x t e r n a l  e l e c t r i c  f i e l d  w i t h  t i m e .  
Thi s  method d e s t r o y s  t h e  charge  s t o r e d  i n  t he  e l e c t r e t  but  does 
produce i n f o r m a t i o n  on t he  d i f f e r e n t  t ype s  of  char ge  s t o r a g e  
mechanisms.  The measurement  of  t he  char ge  s t o r e d  i n  an e l e c t r e t  i n  
t h i s  manner i s  c a l l e d  ' t h e r m a l l y  s t i m u l a t e d  d i s c h a r g e  c u r r e n t '
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(TSDC) and was f i r s t  used t o  i n v e s t i g a t e  charge  s t o r a g e  i n e l e c t r e t s  
by Bucci  ( 1 7 2 ,  1 7 3 ) .
The term 'TSDC'  i s  t aken  her e  t o  mean t h e  measurement of  an 
e l e c t r i c  c u r r e n t  produced by t he  decay of  a d e l i b e r a t e l y  induced  
c h a r g e .  The t e r m i n o l o g y  used t o  r e f e r  t o  TSDC as d e s c r i b e d  above i s  
somewhat conf used in t h e  l i t e r a t u r e  as d i f f e r e n t  names a r e  used t o  
d e s c i b e  t he  same pr ocess  i n many cases and,  i n  e q u a l l y  as many c ases ,  
d i f f e r e n t  pr ocesses  use t h e  same name ( 1 7 4 ) .
1 .4 .4 .  Measurement of  charge s to rag e  us ing TSDC.
The a p p l i c a t i o n  of  TSDC t o  t he  measurement  of  t h e  char ge  s t o r e d
in an e l e c t r e t  i n v o l v e s  t e c h n i q u e s  ve r y  s i m i l a r  t o  t hose  used t o  
ma n u f a c t u r e  t h e r m o e l e c t r e t s  ( 1 7 4 ) .  An e l e c t r e t  i s  p l a ce d  between t he  
p l a t e s  of a c a p a c i t o r  and t he s e  a r e  then connect ed a c r oss  a ve r y  
s e n s i t i v e  g a l v a n o m e t e r . I n i t i a l l y  t h e  ga l v a n ome t e r  w i l l  not  r e g i s t e r  
any charge  s i n c e  no c u r r e n t  w i l l  f l o w  i n  t he  c i r c u i t  a f t e r  t he  
i n i t i a l  i n d u c t i o n  of  an image char ge  on t he  c a p a c i t o r .  The sample  
e l e c t r e t  i s  t hen hea t ed  a t  a c o n s t a n t  l i n e a r  r a t e  t o  a t e m p e r a t u r e  
g r e a t e r  t han t h a t  used t o  form t h e  e l e c t r e t .  As t he  t e m p e r a t u r e  i s  
i n c r e a s e d  t he  s t o r e d  char ge  g a i ns  energy  u n t i l  t h e  p o i n t  i s  reached
where i t  becomes f r e e  t o  d i s s i p a t e  (Appendi x I ) .
The d i s s i p a t i o n  of  t he  s t o r e d  c h a r g e ,  on h e a t i n g ,  i s  due t o
a l i g n e d  d i p o l e s  becoming d i s o r i e n t a t e d  due t o  random t her ma l  
a g i t a t i o n ,  s e p a r a t e d  charges  r e co mb i n i n g  and t r a p p e d  space charges  
bei ng  f r e e  t o  move out  of  t h e  body of  t he  e l e c t r e t .  A l l  of  t he s e  
changes a r e  r e f l e c t e d  i n  v a r i a t i o n s  i n t he  s t r e n g t h  of  t h e  e x t e r n a l  
e l e c t r i c  f i e l d  of  t he  e l e c t r e t .  As a r e s u l t  of  t h i s  v a r i a t i o n ,  t he
i nduced charge  on t he  c a p a c i t o r  w i l l  change caus i ng  a net  f l o w  of
char ge  i n t o  or  out  of  t he  c a p a c i t o r .  I t  i s  t he  f l o w  of  charge
( e l e c t r i c  c u r r e n t )  which i s  measured by t he  g a l v a n ome t e r  ( 174)  and 
used t o  produce t he  t r a c e s  t y p i c a l  of  TSDC.
1.5.  L i m i t a t i o n s  in  m ic roscopy.
The measurement  of  t he  adhes i on f o r c e  between i n d i v i d u a l  
a d h e r e n t  p a r t i c l e s  and t he  c a r r i e r  s u r f a c e  i n o r d e r e d  u n i t s  has been 
ofrrve<L usirv  ^ ( 9 6 ) .  One of  t he  probl ems
a s s o c i a t e d  w i t h  t h i s  method was t h a t  t h e  s u r f a c e s  be i ng  examined were  
v er y  deep i n compar i son w i t h  t he  depth of  f i e l d  of  a mi c r oscope .  As 
a consequence i t  was u s u a l l y  i m p o s s i b l e  f o r  t he  whole s u r f a c e  of  t he
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or d er ed  u n i t  t o  be examined in -focus s i m u l t a n e o u s l y  ( 1 0 4 ) .  Th i s  
l i m i t a t i o n  was due t o  t he  p h y s i c a l  n a t u r e  of  mi croscopy and coul d  not  
be r e s o l v e d  us i ng c o n v e n t i o n a l  p h o t o m i c r o g r a p h i c  t e c h n i q u e s .
1 .5 .1 .  R e s o lu t i o n .
The r e s o l u t i o n  of  a mi croscope  i s  a measure of  i t s  a b i l i t y  t o  
d i s t i n g u i s h  f i n e  d e t a i l  in a speci men.  T h i s ,  i n  t u r n ,  i s  dependent  
on t he  nume r i c a l  a p e r t u r e  of  t h e  l ens  system used t o  produce t he  
image ( F i g u r e  1 . 8 )  and t he  wave l engt h  of  t he  l i g h t  used t o  
i l l u m i n a t e  t he  specimen ( 1 7 5 ,  1 7 6 ) .
R = 0 . 5 X  = 0 . 5 X  ( 1 . 2 2 )
n s i n ( u )  NA
where R = s m a l l e s t  d i s t a n c e  t h a t  can be seen between two 
f e a t u r e s .
X = wave l e ngt h  of  t h e  i l l u m i n a t i n g  l i g h t .
n = r e f r a c t i v e  i ndex of  medium between t h e  o b j e c t  be i ng  
examined and t he  o b j e c t i v e  l e n s  of  t h e  mi c r oscope ,  
u = h a l f  t he  a ng l e  subt ended by t h e  o b j e c i v e  l e n s  ( F i g u r e  
1. 8 ).
NA = n u mer i ca l  a p e r t u r e ,  n s i n ( u ) .
High q u a l i t y  images r e q u i r e  t h a t  t h e  r e s o l u t i o n  be as smal l  as 
p o s s i b l e .  An o b j e c t i v e  l ens  shoul d t h e r e f o r e  aim t o  have as l a r g e  a 
n u me r i c a l  a p e r t u r e  as p o s s i b l e .  In a d d i t i o n ,  t h e  wave l e ngt h  of  t he  
l i g h t  used t o  i l l u m i n a t e  t he  sample shoul d be as smal l  as p o s s i b l e .  
For  c a l c u l a t i o n s  us i ng w h i t e  l i g h t ,  t he  wa ve l e ngt h  of green l i g h t ,  
0 . 55pm,  i s  used,  s i n c e  t h i s  i s  i n  t he  mi dd l e  of  t he  v i s i b l e  ( t o  
humans) r ange  of  wa v e l e n g t h s .
1 .5 . 2 .  Depth of  f i e l d .
The t e r m ,  depth of  f i e l d ,  d e s c r i b e s  t h e  d i s t a n c e  between t he  
n e a r e s t  and f a r t h e s t  o b j e c t  p l a n e s  t h a t  a r e  i n  f oc us  ( 1 7 6 ) .  When 
o b j e c t s  a r e  a c o n s i d e r a b l e  d i s t a n c e  f rom t he  l e n s ,  t h e  depth of  f i e l d  
i s  l a r g e ;  however ,  as t h e  o b j e c t  approaches  t he  l e n s ,  t h e  depth of  
f i e l d  r a p i d l y  d e c r e a s e s .  For a mi c r oscope ,  t he  d i s t a n c e  between t he  
o b j e c t  and t h e  l e n s  i s  v e r y  smal l  and as a r e s u l t  t h e  depth of  f i e l d ,  
d ^ ,  i s  ver y  s m a l l .  The e q u a t i o n  r e l a t i n g  t h e  dept h of  f i e l d  t o  a 
p a r t i c u l a r  o b j e c t i v e  l e n s  i s  g i ven  by,
d fd = XT ( n 2 -  ( NA) 2 ) ( 1 . 2 3 )
NA2
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The depth of  f i e l d  can t h e r e f o r e  be i n c r e a s e d  by i l l u m i n a t i n g  
t he  sample w i t h  a long wave l e ngt h  of  l i g h t ,  by us i ng  a medium wi t h  a 
l a r g e  r e f r a c t i v e  index between t h e  o b j e c t i v e  l e n s  and t h e  sample and 
by usi ng an o b j e c t i v e  l e n s  w i t h  a smal l  n u me r i c a l  a p e r t u r e .  The 
r e q u i r e m e n t s  f o r  p r oduc i ng  a l a r g e  dept h of  f i e l d  can t h e r e f o r e  be
seen to be p r e c i s e l y  t he  o p p o s i t e  of  t hose  r e q u i r e d  f o r  a h i gh
q u a l i t y  image w i t h  good r e s o l u t i o n .
1 .5 .3 .  Pho tomicrography of  deep s u r fa c e s .
E x ami n a t i o n  of  t he  r e l a t i o n s h i p  between r e s o l u t i o n  and depth of
f i e l d  d emon s t r a t es  why Laycock and S t a n i f o r t h  ( 9 6 ,  104)  were not  a b l e  
t o  o b t a i n  c o m p l e t e l y  focused pho t o mi c r o g r ap h s  of  t he  or der ed  u n i t s  
used.  I f ,  however ,  t he  r e q u i r e m e n t  f o r  depth of  f i e l d  i n  such a 
s i t u a t i o n  were r e l a x e d ,  i t  would be p a s s i b l e  t o  o b t a i n  h i gh q u a l i t y  
phot omi c r ogr aphs  where a smal l  s e c t i o n  of  t h e  image would be in  
f oc u s .  A s e r i e s  of  pho t o mi c r o g r ap h s  cou l d  then be made,  each of  
which c o n t a i n s  a s l i g h t l y  d i f f e r e n t  a r ea  i n  f o c u s .  Combining t hese  
phot omi c r ogr aphs  would p r o v i d e  a l l  t h e  i n f o r m a t i o n  nec e s s a r y  t o  
d e t e r mi n e  t he  p o s i t i o n  and s i z e  of  e ve r y  a d h e r e n t  p a r t i c l e  and 
c o n s e q u e n t l y  t h e  adhes i on f o r c e  p r o f i l e s  of  t h e  a d h e r e n t  p a r t i c l e s .
The a p p l i c a t i o n  of  t h i s  method of  p h o t o m i c r o g r a p h i n g  deep 
s u r f a c e s  would be both e x p e n s i v e  and t i m e  consuming.  Some 
improvements coul d  be made and c os t s  coul d  be reduced by usi ng a 
m u l t i p l e  exposur e  t e c h n i q u e  and au t o ma t i n g  t h e  movement of  t h e  f ocus  
p o s i t i o n  d u r i n g  p h o t o mi c r o g r a p h y .  The i n c r e a s e  i n  t h e  q u a l i t y  of  t he  
images o b t a i n e d  by t he s e  i mprovements  would be smal l  because t he  
smal l  dark a r ea s  marki ng t he  a d h e r e n t  p a r t i c l e s  ( 9 6 ,  104)  would be
a f f e c t e d  by out  of  f ocus  g l a r e  f rom o t h e r  e xp o su r e s .  The probl em of  
g l a r e  coul d be reduced by t he  use of  c o n f o c a l  i magi ng ( 1 7 7 ,  1 7 8 ) .
However ,  c o n f o c a l  i maging w i t h  mi croscopes r e q u i r e s  h i gh i n t e n s i t y
i l l u m i n a t i o n ,  u s u a l l y  p r o v i de d  by a l a s e r ,  and s u r f a c e s  which r e f l e c t  
a s i g n i f i c a n t  p r o p o r t i o n  of  t h e  i n c i d e n t  l i g h t .  T h i s  l a t t e r  
r e q u i r e m e n t  means t h a t  most p h a r m a c e u t i c a l  e x c i p i e n t s  cannot  be used 
as t h e i r  s u r f a c e  r e f l e c t i v i t y  i s  t oo  low.
An a l t e r n a t i v e  approach t o  r e c o r d i n g  images i n  a p h o t o g r a p h i c  
emul s i on would be t o  use an image a n a l y s e r  t o  c a p t u r e  a v i d e o  image 
of  t he  s u r f a c e .  A sequence of  images coul d  then be r e cor de d  on 
r e u s a b l e  magnet i c  media usi ng t he  same pr ocess  as above.  Th i s
t e c h n i q u e  o f f e r s  a number of  a dvant ages  over  photomi  o r ogr aphy  as i t
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would be p o s s i b l e  t o  pr ocess  t he  images t o  produce a s i n g l e  image  
w i t h  a l l  a r ea s  in f o c u s .  Th i s  image cou l d  then be used t o  
a u t o m a t i c a l l y  document  t he  p o s i t i o n  and s i z e  of  t he  a d h e r e n t  
p a r t i c l e s  a f t e r  each p e r i o d  of  c e n t r i f u g a t i o n .
The a b i l i t y  of  an image a n a l y s e r  t o  r e c o r d  and pr ocess  images  
e l i m i n a t e s  many of  t h e  probl ems e ncount e r ed  by Laycock and S t a n i f o r t h  
( 9 6 ,  104)  when measur i ng t h e  adhes i on  f o r c e  p r o f i l e s  of  a d h e r e n t  
p a r t i c l e s  i n  s i n g l e  o r d er ed  u n i t s .  The a p p l i c a t i o n  of  image a n a l y s i s  
t e c h n i q u e s  s h o u l d ,  t h e r e f o r e ,  a l l o w  a p r a c t i c a l  a t t e m p t  t o  be made 
a t  measur i ng i n t e r p a r t i c l e  adhes i on f o r c e s  i n  o r d e r e d  u n i t s .
1.6 .  Image a n a l y s i s  and p ro cess in g .
Modern image a n a l y s e r s / p r o c e s s o r s  a r e  i n s t r u m e n t s  t h a t  can 
m a n i p u l a t e  d i g i t i s e d  images s t o r e d  in t h e  memory of  a computer  us i ng  
s p e c i a l l y  w r i t t e n  programs ( 1 7 9 ,  1 8 1 ) .  These systems a r e  much more 
f l e x i b l e  than e a r l y  systems which processed r e a l  t i me  v i d e o  s i g n a l s  
by s i mp l e  gr ey  l e v e l  t h r e s h o l d i n g  ( 1 8 2 ,  1 8 3 ) .  A d i g i t i s e d  image or
sequence of  images can be r e p e a t e d l y  m a n i p u l a t e d  u n t i l  a s a t i s f a c t o r y  
r e s u l t  i s  o b t a i n e d  because both t h e  raw and pr ocessed images can be 
s t o r e d  on c o n v e n t i o n a l  magnet i c  media ( d i s c  d r i v e s ,  t a p e ) .  The 
f a c i l i t y  t o  s t o r e  images so t h a t  t he y  can be r e c a l l e d  and r e - e x a m i n e d  
as r e q u i r e d  i s  one of  t he  main r e q u i r e m e n t s  of  any image a n a l y s i s  
system t h a t  i s  t o  be used t o  a n a l y s e  a dh e r e n t  p a r t i c l e s  i n o r d e r e d  
u n i t s  as d e s c r i b e d  above.
The advent  of  p o wer f u l  m i c r o p r o c e s s o r  based image a n a l y s i s  
sytems such as t he  Magiscan 2A ( 1 7 9 ) ,  t he  IBAS 2000 and t h e  Quant i met  
900 ( 1 8 1 ) ,  has a l l o we d  image a n a l y s i s  t e c h n i q u e s  t o  be a p p l i e d  t o  a 
broad base of  t a s k s ,  most of which would be d i f f i c u l t  or  e x t r e m e l y  
t e d i o u s  t o  p e r f o r m ma n u a l l y .  The t ype  of  t a s k s  t h a t  ca<r\ now 
r o u t i n e l y  un d e r t a k e n  by image a n a l y s e r s  a r e  t h e  e x a m i n a t i o n  of  
p a r t i c u l a t e  c o n t a m i n a n t s  ( 1 8 4 - 1 8 6 )  f o r  t h e  r a p i d  i d e n t i f i c a t i o n  and 
c l a s s i f i c a t i o n  of  t he  t ype s  of  p a r t i c l e s  i n v o l v e d  w i t h  t he  minimum of  
o p e r a t o r  i nvol vmentan«L Chromosome a n a l y s i s  ( 1 8 7 - 1 8 9 )  which a l l o w s  
a u t o m a t i c  k a r y o t y p i n g  ( p a i r i n g )  and hence t h e  i d e n t i f i c a t i o n  of  
a b n o r m a l i t i e s  and o t h e r  changes t o  be per f or med r a p i d l y  and r e l i a b l y .
Image a n a l y s i s  can be a p p l i e d  t o  t he  e x a m i n a t i o n  of  mammal ian 
c e l l s  ( 1 9 0 - 1 9 4 )  f o r  c o u n t i n g  purposes i n c e l l  c l o n i n g  ( 1 9 0 ) ,  t h e  
i d e n t i f i c a t i o n  of  cancerous changes (191)  and t h e  i d e n t i f i c a t i o n  of  
m o r p h o l o g i c a l  f e a t u r e s  ( 19 2 ,  1 9 3 ) .  The compar i son of  c o n s e c u t i v e
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t i s s u e  s l i c e s  has been used t o  r e c o n s t r u c t  t h e  t h r e e  d i me ns i ona l  
s t r u c t u r e  of  neurones ( 19 4 ,  1 9 5 ) ,  a s i m i l a r  a p p l i c a t i o n  to t h a t
r e q u i r e d  f o r  t he  e x a m i n a t i o n  of  t he  a d h e r e n t  p a r t i c l e s  on a c a r r i e r  
p a r t i c l e .  Ot her  a p p l i c a t i o n s  ( 1 9 6 ,  197)  a r e  t h e  e x a m i n a t i o n  of  t he  
e f f e c t  of  p r ocesses  on p a r t i c l e  s i z e  in a r e a s  such as t he  s t a b i l i t y  
of a r t i f i c i a l  bl ood ( 1 9 6 ) ,  t o  o p t i m i s i n g  t h e  combust i on of  coal  
p a r t i c l e s  ( 197)  and t he  d e t e r m i n a t i o n  of  d i me n s i o n a l  c h a r a c t e r i s t i c s  
of  p a r t i c l e s  ( 1 9 7 - 2 0 1 ) .
A wide range of  ma t h e ma t i c a l  t e c h n i q u e s  have been deve l oped t o  
a s s i s t  i n  p r o c e s s i n g  ( 2 0 2 - 2 0 5 ) .  Many of  t he s e  t e c h n i q u e s  have been 
d eve l oped f o r  t h e  enhancement  or r e c o n s t r u c t i o n  of  degraded or poor  
q u a l i t y  images whereas o t h e r s  have been deve l oped  t o  a l l o w  t he  
i d e n t i f i c a t i o n  of  f e a t u r e s  or o b j e c t s  i n  an image.  Where t he  image  
t o  be a n a l y se d  i s  of  h i gh q u a l i t y  t he  a n a l y s i s  t e c h n i q u e s  r e q u i r e d  t o  
e x t r a c t  i n f o r m a t i o n  con c er n i ng  t h e  p o s i t i o n  of  o b j e c t s  can be ve r y  
s i m p l e  t h e r b y  e l i m i n a t i n g  t h e  need t o  use comput a t i ona l l y  i n t e n s i v e  
( t i m e  consuming)  f o u r i e r  t r a n s f o r m s  and s i m i l a r  methods.
The s i m p l i c i t y  of  t he  pr ocesses  used t o  p e r f o r m b a s i c  image  
a n a l y s i s  i s  such t h a t  v e r y  low cos t  image a n a l y s i s  systems a v a i l a b l e  
f o r  mi c r ocomput er s  des i gned f o r  t he  home would be s a t i s f a t o r y  in many 
cases ( 2 0 6 ,  2 0 7 ) .  Th i s  o b s e r v a t i o n  ho l ds  t r u e  even i f  an e x t e r n a l
g r a p h i c s  d i s p l a y s  i s  r e q u i r e d  so t h a t  d i g i t i s e d  images can be viewed  
w i t h  t h e  same (or  g r e a t e r )  grey  s c a l e  r e s o l u t i o n  t he y  were o r i g i n a l l y  
c a p t u r e d  w i t h  ( 2 0 8 ) .
1 .6 .1 .  D i g i t i s a t i o n  of  the  image.
The most c o n v e n i e n t  method f o r  o b t a i n i n g  d i g i t i s e d  images i s  t o  
c o n v e r t  t he  s i g n a l  f rom a s t a n d a r d  v i d e o  camera i n t o  a numer i c  form 
t h a t  can be under s t ood  by t he  computer  be i ng  used t o  pr ocess  t he  
image ( 2 0 2 - 2 0 5 ) .  For  a v i deo  s i g n a l  t h i s  c o n v e r s i o n  i s  u s u a l l y  done 
by p as s i n g  t h e  ana l ogue  v o l t a g e  s i g n a l  t hr ough  an ana l ogue  t o  
d i g i t i a l  c o n v e r t o r  (ADC) .  Usi ng t h i s  system t he  q u a l i t y  of  t he  
d i g i t i s e d  image depends on t h e  h o r i z o n t a l ,  v e r t i c a l  and gr ey  s c a l e  
r e s o l u t i o n s  used.
The h o r i z o n t a l  r e s o l u t i o n  of  a d i g i t i s e d  image i s  dependent  upon 
t h e  speed a t  which t h e  ADC can sample t h e  v i d e o  s i g n a l .  An ADC wi t h  
a s h o r t  sample and hol d  t i me  a l l o w s  a scan l i n e  of  a v i d e o  image t o  
be d i v i d e d  i n t o  a l a r g e r  number of  d i s c r e t e  p o i n t s  than a slow sample  
and ho l d  t i m e .  Th i s  i s  t r u e  even when t he  t i me  t ak e n  t o  c o n v e r t  t he
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sampled v o l t a g e  t o  a d i g i t a l  v a l u e  i s  long compared t o  sample and
hol d  t i m e .  I f  an ADC cannot  pr ocess  t he  v i d e o  s i g n a l  r a p i d l y  enough
t o  a l l o w  r e a l  t i me  d i g i t i s a t i o n  then m u l t i p l e  scans of  t h e  image can 
be used t o  c r e a t e  t he  d i g i t i s e d  v e r s i o n  but  o n l y  i f  t he  o b j e c t  be i ng  
vi ewed i s  s t a t i o n a r y .
The v e r t i c a l  r e s o l u t i o n  of  t h e  d i g i t i s e d  image i s  dependent  on 
t h e  number of  scan l i n e s  used by t he  camera.  I n c r e a s i n g  t h e  number 
of  scan l i n e s  w i l l  i n c r e a s e  t h e  v e r t i c a l  r e s o l u t i o n .  Common v e r t i c a l  
r e s o l u t i o n s  a r e  256 or 512 f o r  50Hz v i d e o  s i g n a l s  but  r e s o l u t i o n s  up 
t o  4096 v e r t i c a l  l i n e s  a r e  a v a i l a b l e  on p r o f e s s i o n a l  systems.
The number of  b i t s  used by t he  ADC t o  q u a n t i f y  t h e  b r i g h t n e s s  of  
t h e  d i g i t i s e d  image w i l l  a f f e c t  t h e  t o n a l  q u a l i t y .  In g e n e r a l  t e r ms ,  
however ,  t he  h i g h e r  t he  number of  b i t s  r e q u i r e d  t he  s l ower  t h e  ADC. 
For most ' f l a s h '  ADC's ( t hose  c o n v e r t i n g  t h e  v i d e o  s i g n a l  in r e a l  
t i m e )  t he  number of  b i t s  i s  u s u a l l y  6 or  7.  For a monochrome system
t h i s  i s  q u i t e  adequat e  as t he  human eye i s  u n ab l e  t o  d i s t i n g u i s h  
more than  64 (2^)  d i s t i n c t  grey  l e v e l s  ( 2 0 4 ) .
When an image has been d i g i t i s e d  i t  can be t r e a t e d  as a two
d i me n s i o n a l  a r r a y  of  numbers,  each of  which c or r es ponds  t o  a p o i n t  in  
t h e  o r i g i n a l  image.  I n c r e a s i n g  t he  h o r i z o n t a l  or  v e r t i c a l  r e s o l u t i o n  
of  t he  d i g i t i s e d  image a l l o w s  g r e a t e r  d e t a i l  but  a l s o  i n c r e a s e s  t he  
s i z e  of  t h e  a r r a y  nec es s ar y  t o  s t o r e  t he  image i n  memory.
The t o n a l  q u a l i t y  of  a d i g i t i s e d  image i s  dependent  on t he  
maximum v a l u e  a l l o w a b l e  f o r  t h e  numbers i n  t h e  a r r a y  d e s c r i b i n g  t he  
i mage.  Monochrome systems can have as l i t t l e  as 2^ gr ey  l e v e l s  of
t o n a l  q u a l i t y  and be p e r f e c t l y  s a t i s f a c t o r y  however  hi gh q u a l i t y
7 0  D
c o l o u r  images images may have as many as 2"*- l e v e l s  ( 2 Q f o r  r e d ,  
green and b l u e  components of  t h e  image and 2  ^ f o r  b r i g h t n e s s  or
l umi nance )  t o  d e s c r i b e  each p i x e l  a d e q u a t e l y .
1 .6 .2 .  C o n t ras t  enhancement.
When an image i s  d i g i t i s e d  t h e  maximum b r i g h t n e s s  r e co r d e d  may 
not  be e q u i v a l e n t  t o  t h e  maximum a l l o w a b l e  v a l u e .  In a bad c a s e ,  t he  
t o t a l  r ange  of  b r i g h t n e s s e s  may on l y  occupy a smal l  f r a c t i o n  of  t he
a v a i l a b l e  r a n ge .  In t he s e  cases i t  becomes p o s s i b l e  t o  u t i l i s e  t he
f a c t  t h a t  t he  d i g i t i s e d  image i s  r e p r e s e n t e d  as an a r r a y  of  numbers 
which can r e a d i l y  be m a n i p u l a t e d  so t h a t  a l l  of  t h e  a v a i l a b l e
b r i g h t n e s s  range i s  o c c u p i e d .  Th i s  pr ocess  i s  known as c o n t r a s t
enhancement  ( 2 0 2 - 2 0 5 ) .  The s i m p l e s t  c o n t r a s t  s t r e t c h i n g  a l g o r i t h m
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t h a t  can be used i s  t he  l i n e a r  mapping of  t h e  r e co r d e d  b r i g h t n e s s  
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p i x e l  v a l u e  a f t e r  c o n t r a s t  enhancement ,  
c u r r e n t  p i x e l  v a l u e .
Maximum p i x e l  v a l u e  t h a t  i s  a l l o w e d .
Maximum p i x e l  v a l u e  i n image b e f o r e  c o n t r a s t
enhancement .
Minimum p i x e l  v a l u e  i n  image b e f o r e  c o n t r a s t
enhancement .
The e f f e c t  of  a p p l y i n g  t h i s  t r a n s f o r m a t i o n  t o  a d i g i t i s e d  image  
1 . 9 )  i s  t o  s t r e t c h  t h e  r e cor de d  r ange  of  gr ey  l e v e l s  so t h a t  
t he y  occupy t he  f u l l  g r ey  l e v e l  range  a v a i l a b l e  ( F i g u r e  1 . 1 0 ) .
More s o p h i s t i c a t e d  a p p l i c a t i o n s  of  t h i s  t y p e  of  enhancement
( 2 0 2 - 2 0 5 )  may use a n o n - l i n e a r  t r a n s f o r m a t i o n ,  a p p l y  t h e  t r a n s f o r m  t o
o n l y  p a r t  of  r e cor de d  r ange of  gr ey  l e v e l s ,  or may a p p l y  d i f f e r e n t  
t r a n s f o r m s  t o  d i f f e r e n t  s e c t i o n s  of  t he  r e co r d e d  b r i g h t n e s s  r ange .  
The p a r t i c u l a r  t r a n s f o r m  used on a d i g i t i s e d  image depends g r e a t l y  on 
t h e  t y p e  of  p r o c e s s i n g  and i n f o r m a t i o n  r e q u i r e d .  However ,  f o r  many 
a p p l i c a t i o n s  a s i mp l e  l i n e a r  t r a n s f o r m a t i o n  i s  s a t i s f a c t o r y .
( Fi  gure
1 .6 . 3 .  Removal of  no ise .
When an image i s  d i g i t i s e d  i t  i s  possible t h a t  image d e g r a d a t i o n  
can occur  due t o  t he  pr esence  of  n o i s e .  Noi se  can be d e f i n e d  as non 
p i c t u r e  i n f o r m a t i o n  bei ng super i mposed on t h e  p i c t u r e  i n f o r m a t i o n .  
T h i s  t y p e  of  d e g r a d a t i o n  can be i n  t h e  form of  a s t r u c t u r e d  
d i s t o r t i o n  of  t he  image such as t h a t  o b t a i n e d  due t o  uneven 
i l l u m i n a t i o n  or i n  c o r r e c t  f o c u s i n g  or a random d i s t o r t i o n  where a 
degr ee  of  w h i t e  n o i se  has been i n t r o d u c e d  i n t o  t h e  image ( 2 0 2 - 2 0 5 ) .  
T h i s  l a t t e r  e f f e c t  i s  e a s i l y  d emonst r a t ed  by addi ng n o i s e  w i t h  a grey  
l e v e l  range  of  0 t o  3 t o  F i g u r e  1 . 9  ( F i g u r e  1 . 1 1 ) .
The r e s t o r a t i o n  of  a d i g i t i s e d  image w i t h  a s t r u c t u r e d  
d e g r a d a t i o n  may r e q u i r e  a s i g n i f i c a n t  amount of  p r o c e s s i n g  and t he  
use of  advanced ma t h e ma t i c a l  t e c h n i q u e s .  T h i s  t y p e  of  p r o c e s s i n g  i s  
u s u a l l y  beyond t he  c a p a c i t y  of  home computers  t o  p er f o r m on a 
r e a l i s t i c  t i me  s c a l e  and c o n s e q u e n t l y  w i l l  not  be c o n s i d e r e d  f u r t h e r .
The e f f e c t s  of  random n o i s e  can be d e a l t  w i t h  e f f e c t i v e l y  by 
a v e r a g i n g  over  a number of  f r ame s .  For each s u c c e s i v e  f r ame t he
4 2
wh i t e  n o i s e  super i mposed on t h e  image w i l l  have a d i f f e r e n t  
d i s t r i b u t i o n  whereas t he  p i c t u r e  i n f o r m a t i o n  w i l l  remai n c o n s t a n t .  
When t he  s e r i e s  of  d i g i t i s e d  images a r e  added t o g e t h e r  and averaged  
t he  e f f e c t  of  t he  random n o i s e  w i l l  be s i g n i f i c a n t l y  reduced in
compar ison t o  t he  p i c t u r e  i n f o r m a t i o n .  T h i s  pr ocess  can be
demonst r a t ed  usi ng a sequence of  32 images based on F i g u r e  1 . 9  which  
have had a low l e v e l  of  w h i t e  n o i s e  added t o  them.  When t he  aver age  
of t h i s  sequence of  images i s  o b t a i n e d  ( F i g u r e  1 . 1 2 )  t h e  e f f e c t  of  
t he  n o i se  i s  s i g n i f i c a n t l y  reduced compared t o  t h e  i n d i v i d u a l  images.  
I f  any changes occur  i n  t h e  image between s u c c e s s i v e  d i g i t i s e d  f rames  
then a v e r a g i n g  cannot  e a s i l y  be a p p l i e d  t o  remove n o i s e .  In cases  
such as t h i s ,  a l t e r n a t i v e  t e c h n i q u e s  have been deve l oped t o  reduce  
t he  e f f e c t  of  n o i s e .
1 .6 .4  Smoothing t r a n s f o r m a t i o n s .
Smoothing t r a n s f o r m a t i o n s  can be used t o  remove or r educe  t he
e f f e c t s  of  random n o i s e  when o n l y  a s i n g l e  d i g i t i s e d  image i s
a v a i l a b l e  f o r  p r o c e s s i n g  ( 2 0 2 - 2 0 5 ) .  One of  t he  s i m p l e s t  smoothing  
f i l t e r s  i s  t he  t h r e e  by t h r e e  we i ght ed  aver age  f i l t e r .  When t h i s  
f i l t e r  i s  used each p i x e l  in t he  image i s  r e p l a c e d  by t he  we i ght ed  
aver age  of  t h a t  p i x e l  p l us  t he  s u r r o u n d i n g  e i g h t  p i x e l s .  The 
wei ght ed ave r age  employed may v a r y ,  t he  most common bei ng
* x , y  = * x , y  + * x + l , y + l  + I x + l , y  + * x + l , y - l  + * x , y + l  ■■ ( 1 . 2 5 )
2  16 U r ~  16 16
+ * x , y - l  + * x - l , y + l  + * x - l , y  + * x - i , y - l
T6  Tb H r" "  16
The e f f e c t i v e n e s s  of  t h i s  f i l t e r  can be demons t r a t ed  by a p p l y i n g  i t  
to F i g u r e  1 . 11  ( F i g u r e  1 . 9  w i t h  added n o i s e )  on f o u r  o ccas i ons  
( F i g u r e  1 . 1 3 ) .  A compar i son of  F i g u r e s  1 . 11  and 1 . 1 3  shows t h a t  t he  
t h e  added n o i s e  has been s i g n i f i c a n t l y  r e duc ed .  The smoothing  
t r a n s f o r m a t i o n  a l s o  has some unwanted s i d e  e f f e c t s ,  however ,  as t he  
h e i g h t  of  peaks i n t he  d i g i t i s e d  image a r e  reduced and edge 
i n f o r m a t i o n  i s  l e s s  p r o m i n a n t .  T h i s  e f f e c t  i s  e a s i l y  observed by 
compar ing F i g u r e s  1 . 9  and 1 . 1 3 .  I f  t h i s  t y p e  of  image d e g r a d a t i o n
produces probl ems then i t  i s  p o s s i b l e  t o  use o t h e r  t yp e s  of
t r a n s f o r m a t i o n s  which r e - e m p h a s i s e  edges and peaks .
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1 .6 .5 .  Sharpening t r a n s f o r m a t i o n s .
As demons t r a t ed  in 1 . 6 . 4  i t  i s  p o s s i b l e  t o  r educe  t he  e f f e c t  of  
n o i s e  by us i ng  a smoothing t r a n s f o r m .  T h i s  does have t he  s i d e  e f f e c t  
t h a t  peaks i n  t he  image a l s o  become l e s s  sharp and edge i n f o m a t i o n  
l e s s  w e l l  d e f i n e d .  One method of  overcomi ng t he s e  d i s a d v a n t a g e s  a r e  
by t h e  a p p l i c a t i o n  of  a n o t h e r  t r a n s f o r m a t i o n  which w i l l  r e - e m p h a s i s e  
peaks and edges ,  a s ha r p en i ng  t r a n s f o r m .  One s ha r p e n i ng  t r a n s f o r m  
t h a t  i s  r e l a t i v e l y  s i mp l e  t o  i mpl ement  i s  t h e  L a p l a c i a n  t r a n s f o r m  
( 2 0 2 ,  2 0 3 ) .
L ( I X j y) -  51,{ ^y -  ( + Ix + 1 , y + * x , y - l  + * x , y + l  * ( 1 . 2 6 )
where L ( I X y)  = L a p l a c i a n  t r a n s f o r m  of  t he  b r i g h t n e s s  of  t he  p o i n t
I x?y usi ng t h e  v e r t i c a l  and h o r i z o n t a l  n e i ghbour s  
of  t h a t  p o i n t .
I v „ = B r i g h t n e s s  of  t h e  p o i n t  a t  x , y  in t h e  o r i g i n a lx »y
d i g i t i s e d  image.
I f  L ( I x?y)  i s  o u t s i d e  t h e  a l l o w a b l e  r ange f o r  t he  b r i g h t n e s s  then i t  
i s  c l i p p e d  t o  t he  n e a r e s t  l i m i t ,  i e  - 2  becomes 0 and 300 became 255 
f o r  a system wi t h  8 q r ey  l e v e l s .
When t h i s  t r a n s f o r m a t i o n  i s  a p p l i e d  t o  an a r ea  of  c o n s t a n t
b r i g h t n e s s  I X i y and a l l  i t s  n e i gh b o u r s  have t he  same v a l u e s  and
c o n s e q u e n t l y  no change occurs  and L ( I x y ) s t a y s  t h e  same as I x y
u n i f o r m  s l o p e s  t he  changes around t he  v a r e  a ga i n  c a n c e l l e d
c o m p l e t e l y  or  ve r y  n e a r l y  c a n c e l l e d  so t h a t  L ( I X y)  a ga i n  r emai ns  t he
same as I x y or changes by a smal l  amount .  When a p p l i e d  acoss an
edge some of  t he  v a l u e s  s u r r o u n d i n g  I v u w i l l  be l e s s  than I v v so
* > y *'» y
t h a t  t he  v a l u e  of  L ( I x ^y) w i l l  be g r e a t e r  or l e s s  t han I x y dependi ng  
on whet her  I x ^y i s  b r i g h t e r  or d a r k e r  than t he  p i x e l s  a t  t h e  edge.  
The a p p l i c a t i o n  of  t h e  L a p l a c i a n  t r a n s f o r m  d e s c r i b e d  by e q u a t i o n  1 . 26  
caused u n der s hoot  a t  t he  bot tom of  s l o pe s  and o v e r s h o o t  a t  t he  top of  
s i  o p e s .
The e f f e c t  of  t h i s  t r a n s f o r m  can be d emons t r a t ed  ( F i g u r e  1 . 1 4 )  
by a p p l y i n g  i t  t o  F i g u r e  1 . 1 3  ( a image smoothed a f t e r  addi ng low 
l e v e l  n o i s e ) .  A compar i son of  F i g u r e s  1 . 11  and 1 . 1 4  shows t h a t  t he  
peaks a r e  a p p r o x i m a t e l y  t h e  same h e i g h t  and t h e  t h e s e  a r e a s  have been 
a f f e c t e d  t o  a g r e a t e r  e x t e n t  than any low l e v e l  n o i s e  p r e s e n t .
1 .6 .6  Measurement and d e te r m in a t i o n  of  f e a t u r e s .
F r e q u e n t l y  i t  i s  unnecessar y  t o  enhance t h e  d i g i t i s e d  image but  
s i m p l y  t o  e x t r a c t  i n f o r m a t i o n  f rom i t .  A t y p i c a l  a p p l i c a t i o n
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r e q u i r i n g  t he  e x t r a c t i o n  of  i n f o r m a t i o n  f rom an image i s  t he  
d e t e r m i n a t i o n  of  t he  c r oss  s e c t i o n a l  a r e a  and p e r i m e t e r  of  an o b j e c t .  
T h i s  i s  a r e l a t i v e l y  s i mp l e  p r o ce d u r e  p r o v i d i n g  t h e  o b j e c t  t o  be 
measured can be d i s t i n g u i s h e d  f rom t he  background ( o b j e c t s  w i t h  t he  
d i f f e r e n t  c o l o u r s  may have t h e  same b r i g h t n e s s  when vi ewed w i t h  a 
monochrome v i d e o  camera and t h e r e f o r e  be d i f f i c u l t  t o  d i s t i n g u i s h ) .  
Thus i f  t h e  o b j e c t s  t o  be measured a r e  d a r k e r  than t he  backgr ound,  as 
i s  u s u a l l y  t he  case w i t h  t r a n s m i t t e d  l i g h t  mi c r o sc o p y ,  t h e  s e c t i o n s  
of  t h e  image c o r r e s p o n d i n g  t o  a dh e r e n t  p a r t i c l e s ,  f o r  exampl e ,  coul d  
be i s o l a t e d  and then measured.  As an example of  t h i s  process  t he  
image in F i g u r e  1 . 9  w i l l  be pr ocessed us i ng two d i f f e r e n t  methods t o  
i s o l a t e  t h e  a r e a s  of  i n t e r e s t  which a r e  t h e  peaks .
C o n t r a s t  enhancement  f o l l o w e d  by f i v e  a p p l i c a t i o n s  of  t he  
smoothi ng t r a n s f o r m  d e s c r i b e d  above produces an image ( F i g u r e  1 . 1 5 )
where t he  a r ea s  of  i n t e r e s t  have been emphasi sed.  
The peaks can t hen be i s o l a t e d  by s e t t i n g  any p i x e l  l e s s  than a 
s p e c i f i c  v a l u e  eg 40 t o  z e r o  ( F i g u r e  1 . 1 6 ) .  T h i s  method i s  
r e l a t i v e l y  q u i c k ,  l e s s  than 2 m i n u t e s ,  however ,  c o n s i d e r a t i o n  of  
F i g u r e  1 . 1 6  does i l l u s t r a t e  one of  t he  probl ems a s s o c i a t e d  w i t h  t h i s  
pr oce ss  as o b j e c t s  of  i n t e r e s t  i n  t he  c e n t r a l  a r e a  of  t he  image have  
not  been s e p a r a t e d .
An a l t e r n a t i v e  t r e a t m e n t  of  t h e  o r i g i n a l  image i s  t o  aga i n  
p e r f o r m c o n t r a s t  enhancement  f o l l o w e d  by t h r e e  passes of  t he  
smoothi ng t r a n s f o r m a t i o n  ( F i g u r e  1 . 1 7 ) .  T h i s  o p e r a t i o n  has t he  e f f e c t  
of i n c r e a s i n g  t he  h e i g h t  of  t he  peaks in r e l a t i o n  t o  t h e  l ower  l e v e l s
of  b r i g h t n e s s  i n  t he  image.  T h i s  pr ocess  can be c o n t i n u e d  by
r e p e a t e d  a p p l i c a t i o n s  of a sequence of  one pass of  t h e  s ha r pen i ng  
t r a n s f o r m a t i o n  f o l l o w e d  by t h r e e  passes of  t h e  smoothing  
t r a n s f o r m a t i o n  so t h a t  t h e  a r e a s  of  i n t e r e s t  e v e n t u a l l y  become 
s e p a r a t e d .  Th i s  e f f e c t  can be seen a f t e r  25 passes of  t he  above  
sequence ( F i g u r e  1 . 1 8 ) .  T h i s  o p e r a t i o n  produces  a s u p e r i o r  
s e p a r a t i o n  compared t o  t h a t  obser ved i n  F i g u r e  1 . 1 6  but  t a k e s  more 
than 30 mi nut es  t o  run usi ng t h e  'C'  program PROFILE on t he  Si nc l a i r  
QL (Appendi x 2 ) .  Where a number of  images have t o  be examined t he
t i me  t aken  by t h i s  pr ocess  mean t h a t  i t  i s  u n l i k e l y  t o  be used.
The o b j e c t s  l e f t  i n  t h e  image can be measured by s e a r c h i n g  f o r  a 
n o n - z e r o  p i x e l  v a l u e .  When a non background p i x e l  i s  f ound,  a ' g r a s s  
f i r e  b u r n '  ( 209)  i s  used t o  d e t e r m i n e  t h e  a r ea  of  t h e  o b j e c t  ( Chapt e r  
3 ) .  In t h i s  manner ,  t h e  number of  o b j e c t s  in t h e  pr ocessed image and
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t h e i r  c r oss  s e c t i o n a l  a r e a s  a r e  e a s i l y  o b t a i n e d .
The image p r o c e s s i n g  methods d e s c r i b e d  above r e p r e s e n t  a ve r y  
s i m p l i s t i c  approach t o  t he  d e t e r m i n a t i o n  of  t he  a r e a  of  o b j e c t s  in a 
d i g i t i s e d  image because i t  has assumed t h a t  no o b j e c t s  a r e  t ouc h i ng  
or o v e r l a p p i n g .  I t  does however  s e r v e  t o  i l l u s t r a t e  haw t he
a p p l i c a t i o n  of  v e r y  s i mp l e  p r ocesses  can e x t r a c t  i n f o r m a t i o n  t h a t  i s  
u s e f u l .
1.7.  Summary and o b j e c t i v e s .
The t h e o r e t i c a l  c o n s i d e r a t i o n s  of  i n t e r p a r t i c l e  adhesi on
di scussed  i n  s e c t i o n  1 . 1  and 1 . 2  have shown t h a t  i n t e r p a r t i c l e  f o r c e s  
can g i v e  r i s e  t o  s t a b l e  homogeneous powder m i x t u r e s  by u t i l i s i n g  t he  
concept s  of  or der ed  m i x i n g .  An e x a m i n a t i o n  of  t he  adhesi on f o r c e s  
a v a i l a b l e  f o r  p a r t i c l e  i n t e r a c t i o n ,  s e c t i o n  1 . 3 ,  has shown t h a t  
e l e c t r o s t a t i c  f o r c e s  r e p r e s e n t  a p o t e n t i a l l y  u s e f u l  mechanism by 
which i n t e r a c t i o n  can be i n c r e a s e d .  The a b i l i t y  of  some m a t e r i a l s  t o  
form e l e c t r e t s  was d i scussed  i n  s e c t i o n  1 . 4 ,  l e a d i n g  t o  t he  
o b s e r v a t i o n  t h a t  c e l l u l o s e - b a s e d  m a t e r i a l s  had demonst r a t ed  t h i s  
e f f e c t .  The a b i l i t y  of  c e l l u l o s e - b a s e d  t a b l e t i n g  e x c i p i e n t s  t o  form 
e l e c t r e t s  w i l l  t h e r e f o r e  be i n v e s t i g a t e d  w i t h  a v i ew t o  i n t r o d u c i n g  
e l e c t r o s t a t i c  f o r c e s  in powder m i x t u r e s  us i ng e l e c t r i s e d  m a t e r i a l s .
The measurement  of  i n t e r p a r t i c l e  adhesi on f o r c e s  ( s e c t i o n  1 . 3 )
has i n d i c a t e d  t h a t  methods e x i s t  which coul d  be adapted t o  t he
measurement  of  f o r c e s  i n  s i n g l e  o r d er ed  u n i t s .  The p h y s i c a l  
l i m i t a t i o n  of  mi croscopy have been d i scussed  ( s e c t i o n  1 . 5 )  as t hese  
were t he  maj or  l i m i t a t i o n s  in one of  t h e  more s u c c e s s f u l  methods.  A 
c o n s i d e r a t i o n  of  t he  p o t e n t i a l  f o r  image a n a l y s i s  t o  r e p l a c e  
p h ot omi c r ogr aphy  has i n d i c a t e d  t h a t  i t  would be p o s s i b l e  t o  examine  
deep s u r f a c e s  u n a v a i l a b l e  t o  c o n v e n t i o n a l  mi c r oscopy .  The 
devel opment  of  an image a n a l y s i s  package c a p a b l e  of  a n a l y s i n g  t he  
deep s u r f a c e s  on s i n g l e  o r d er ed  u n i t s  and c o n s e q u e n t l y  pr oduc i ng  
d e t a i l e d  adhesi on f o r c e  p r o f i l e s  on an i n d i v i d u a l  a d h e r e n t  p a r t i c l e  
b a s i s  w i l l  be exami ned.
The u l t i m a t e  o b j e c t i v e  of  t h i s  s tudy  i s  t o  produce a system 
which can be used t o  measure i n t e r p a r t i c l e  adhes i on  f o r c e s  i n  or der ed  
u n i t s  on an i n d i v i d u a l  a d h e r e n t  p a r t i c l e  b a s i s  and t o  demons t r a t e  t he  
e f f e c t s  of  p r o c e s s i n g  ( e l e c t r i s e d  m a t e r i a l s )  and e n v i r o n m e n t a l  
c o n d i t i o n s  ( h u m i d i t y )  on t he  a dhes i on  f o r c e  p r o f i l e s  of  a model  
powder system.
4 6
Number of Number of mean p r o p o r t i o n mean p r o p o r t i o n  Lac ey ' s
samples p a r t i c l e s of  wh i t e of  b l ack s tandar d
t aken i n sample p a r t i c l e s  in p a r t i c l e s  in d e v i a t i o n
sample sampie
1024 16 0 . 49 9 0 2 3 4 0 . 50 0 9 7 6 6 0.  1249998
655 25 0 . 4 9 6 9 1 6 0 0 . 5 0 3 0 8 4 0 0 . 0999981
455 36 0 . 50 3 0 5 2 5 0 . 49 6 9 4 7 5 0 . 08 33 3 17 8
334 49 0 . 50 8 7 9 8 7 0 . 4 9 1 2 0 1 3 0 . 07141751
256 64 0 . 50 46 9 97 0 . 4 9 5 3 0 0 3 0 . 06 249724
2 0 2 81 0 . 49 5 2 3 2 9 0 . 5047671 0 . 05 55 5 30 3
163 1 0 0 0 . 49 90 7 98 0 . 5 0 0 9 2 0 2 0 . 04 99 9 99 2
135 121 0 . 5 0 7 5 6 0 5 0 . 4 9 2 4 3 9 5 0 . 04 54 4 93 5
113 144 0 . 49 66 1 84 0 . 5 0 3 3 1 8 6 0 . 04 16 6 57 5
96 169 0 . 5 0 3 1 4 3 5 0 . 4 9 6 8 5 6 5 0 . 0 3 84 6 07 8
83 196 0 . 49 0 6 5 6 5 0 . 5 0 9 3 4 3 5 0 . 03 57 0 80 5
72 225 0 . 50 1 6 6 6 7 0 . 4 9 8 3 3 3 3 0 . 03 33 3 31 5
64 256 0 . 50 24 4 14 0 . 4 9 7 5 5 8 6 0 . 03 12 4 96 3
56 289 0 . 5 0 9 3 3 0 2 0 . 49 0 6 6 9 8 0 . 02 94 0 66 4
50 324 0 . 50 58 6 42 0 . 4 9 4 1 3 5 8 0 . 02777587
45 361 0 . 4998461 0 . 5 0 0 1 5 3 9 0 . 02 63 1 57 9
40 400 0 . 49 76 2 5 0 . 5 0 2 3 7 5 0 . 0 2 49 9 97 2
37 441 0 . 4 9 4 9 4 3 9 0 . 5050561 0 . 02380831
33 484 0 . 50 5 5 7 3 2 0 . 49 4 4 2 7 7 0 . 02 27 2 58 6
30 529 0 . 5003781 0 . 4 9 9 6 2 1 9 0 . 02 17 3 91 2
28 576 0 . 49 88 8 39 0 . 5011161 0 . 0 2 08 3 32 8
26 625 0 . 4 9 4 4 6 1 5 0 . 5 0 5 5 3 8 5 0 . 01 99 9 87 7
24 676 0 . 5 0 2 2 8 0 6  • 0 . 49 7 7 1 9 4 0 . 0 1 92 3 05 7
2 2 729 0 . 4980671 0 . 5 0 1 9 3 2 9 0 . 0 1 85 1 83 8
2 0 784 0 . 4 9 9 6 1 7 3 0 . 5 0 0 3 8 2 7 0 . 01 78 5 71 4
19 841 0 . 499781 0 . 5 0 0 2 1 9 0 . 01 72 4 13 8
18 900 0 . 4 9 7 7 7 7 8 0 . 5 0 2 2 2 2 2 0 . 01 66 6 65
17 961 0 . 4949501 0 . 5 0 5 0 4 9 9 0 . 01612821
16 1024 0 . 5089111 0 . 4 9 1 0 8 8 9 0 . 0 1 56 2 25 2
15 1089 0 . 4 9 8 8 6 5 5 0 . 5 0 2 2 3 4 5 0 . 01 5 1 5 1 3 6
14 1156 0 . 50 2 2 8 6 2 0 . 4 9 7 7 1 3 8 0 . 01 47 0 57 3
13 1225 0 . 5 0 2 1 0 3 6 0 . 4 9 7 8 9 6 4 0 . 01 42 8 55 9
12 1296 0 . 50 1 9 9 3 3 0 . 49 8 0 0 6 7 0 . 01 38 8 87 8
11 1369 0 . 4 9 5 6 5 0 4 0 . 5 0 4 3 4 9 6 0 . 0 1 3 5 1 3
11 1444 0 . 4 9 9 3 0 7 5 0 . 5 0 0 6 9 2 4 0 . 01 35 7 88
10 1521 0 . 5 0 5 2 5 9 7 0 . 4 9 4 7 4 0 2 0 . 01 2 8 1 9 8
10 1600 0 . 5 0 2 7 5 0 . 4 9 7 2 5 0 . 01249981
Tab l e  1 . 1 . E f f e c t  of sample s i z e  on the number of  samples t h a t  can be
t aken , t he number of  p a r t i c l e s  in each sample,  t he  mean
p r o p o r t i  ons of the  two t ypes  of  p a r t i c l e in t he  set  of
samples and t he  s t andar d  d e v i a t i o n  as d e f i n e d  by Lacey
( 1 1 ) . Data c a l c u l a t e d  usi ng F i g u r e  1 . 2 .
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F ig u r e  1 . 1 .  S c h e m a tic  r e p r e s e n t a t i o n  o f  an  u n m ixed  p ow d er b e d *  
T he c o m p o s it io n  o f  s a m p le s  fro m  t h i s  bed ca n  be  
p r e d ic t e d  e x a c t l y  i f  i t  i s  know n w h ere  th e  sam ple  
was ta k e n  f r o m .
F ig u r e  1 . 2 .  S c h e m a tic  r e p r e s e n t a t i o n  o f  th e  p ow der b ed  shown i n
F ig u r e  1 . 1  a f t e r  p ro lo n g e d  m ix in g  by random  p ro c e s s e s .  
T h e  c o m p o s it io n  o f  a  sam p le  fro m  t h i s  pow der bed  
c a n n o t be e x a c t l y  kn ow n , h o w e v e r , th e  p r o b a b i l i t y  
o f  a  sam p le  c o n t a in in g  a  g iv e n  r a t i o  o f  th e  tw o  ty p e s  
o f  p a r t i c l e  c a n  be c a l c u l a t e d .
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P ow der b e d  i n  i t s  o r i g i n a l  s t a t e  
p r i o r  t o  m ix in g .
/  M ix in g  c a u s e s  a  s h e a r  p la n e
/  t o  d e v e lo p  w i t h  s u b s e q u e n t
-----------------------------j  m ovem ent o f  t h e  tw o  p a r t s  o f
o f  th e  pow der b e d .
A f t e r  th e  s h e a r  i s  c o m p le te d  
th e  p ow d er b ed  c o l la p s e s  b a c k  
on i t s e l f .
F ig u r e  1 . 3 *  S c h e m a tic  r e p r e s e n t a t i o n  o f  th e  m echan ism  o f  s h e a r  
m ix in g .
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D u r in g  m ix in g  p a r t i c l e s  a r e  f r e e  
t o  move w h ere  s h e a r  p la n e s  fo r m .
P a r t i c l e s  a r e  t h e r e f o r e  m ix e d  a t  th e  
s h e a r  i n t e r f a c e .
F ig u r e  1 . 4 .  S c h e m a tic  r e p r e s e n t a t io n ,  o f  th e  m echnism  o f  d i f f u s i v e  
p ow d er m ix in g .
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P ow der b ed  i n  i t s  o r i g i n a l  s t a t e  
p r i o r  t o  m ix in g .
Drum r o t a t e s  in t r o d u c in g  s t r e s s e s  on  
th e  p ow d er b e d .
A t a  c r i t i c a l  p o in t  a  s h e a r  p la n e  
d e v e lo p s  i n  th e  b ed  an d  m a t e r ia l  
i s  d i s t r i b u t e d  o v e r  th e  dow nward  
s lo p e ..
S c h e m a tic  r e p r e s e n t a t i o n  o f  th e  m echan ism  o f  c o n v e c t iv e  
m ix in g .
oC a r r i e r  p a r t i c l e s F in e  p a r t i c l e s
o o °
n9P°oOoo
O r d e r e d  m ix tu r e
F ig u r e  1 . 6 .  F o r m a t io n  o f  a n  o r d e r e d  p ow d er m ix tu r e  due to  f i n e
p a r t i c l e s  a d h e r in g  to  th e  s u r f a c e  o f  l a r g e r  ‘ C a r r i e r *  
p a r t i c l e s .
F ig u r e  1 . 7 .  F o r m a t io n  o f  an  e l e c t r i c  d o u b le  l a y e r  i n  s o l i d  d i e l e c t r i c s .  
B e fo r e  c o n t a c t ,  no e l e c t r o s t a t i c  c h a rg e  i s  p r e s e n t .
A f t e r  c o n t a c t ,  e l e c t r i c  c h a rg e  h a s  b een  t r a n s f e r r e d
fro m  one body to  th e  o t h e r .  T he  c h a rg e  i s  lo c a t e d
a t  t h e  i n t e r f a c e  b e c a u s e  th e  m a t e r ia l s  a r e  n o t  c o n d u c to r s .
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M ic ro s c o p e
o b j e c t i v e
le n s
F ig u r e  1 . 8 .  Maximum cone o f  l i g h t  t h a t  c a n  be c o l l e c t e d  by  
th e  o b j e c t i v e  le n s  o f  a  m ic ro s c o p e .
<y- A n g le  s u b te n d e d  by th e  o b j e c t i v e  l e n s ,  
u  H a l f  th e  s u b te n d e d  a n g le ,  c*_.
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F ig u r e  1 . 9 . Is o m e t r ic  p r o j e c t i o n  o f  th e  b r ig h tn e s s  o f  a  d i g i t i s e d  
im a g e  o f  a n  E lc e m a  G 250 p a x t i c l e  w i t h  a d h e r e n t ,  
f l u o r e s c i n g  T r ia m te r e n e  p a r t i c l e s .  T he  b r ig h t  a r e a s  
i n  th e  im age a r e  r e p r e s e n te d  by  th e  p e a k s  and  
c o rre s p o n d  t o  a d h e r e n t  p a r t i c l e s  w h ic h  a r e  i n  fo c u s .  
The  le s s  b r ig h t  a r e a s  a r e  due t o  T r ia m te r e n e  p a r t i c l e s  
w h ic h  a r e  n o t  f u l l y  fo c u s s e d  a n d  th e  b a c k g ro u n d  
f lu o r e s c e n c e  o f  th e  E lc e m a  G250*.
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F ig u r e  1 . 1 0 .  Is o m e t r ic  p r o j e c t i o n  o f  th e  d i g i t i s e d  im a g e  shown i n  
F ig u r e  1 * 9  a f t e r  th e  a p p l i c a t i o n  o f  c o n t r a s t  
enhan cem en t a s  d e s c r ib e d  i n  C h a p te r  l f 1 . 6 * 2 .
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F ig u r e  1 . 1 1 .  E f f e c t  o f  lo w  l e v e l  w h i te  n o i s e .  Is o m e t r ic  p r o je c t i o n  
o f  th e  b r ig h tn e s s  o f  th e  d i g i t i s e d  im age  shown i n  
F ig u r e  1 .9  a f t e r  th e  a d d i t i o n  o f  lo w  l e v e l  n o is e  i n  
t h e  ra n g e  0 - 3  g r e y  l e v e l s .
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F ig u r e  1 . 1 2 .  E f f e c t  o f  a v e r a g in g  o v e r  a  num ber o f  f r a m e s . I s o m e t r ic  
p r o je c t i o n  o f  a  d i g i t i s e d  im a g e  p ro d u c e d  by a v e r a g in g  
32 im a g e s  o f  F ig u r e  1 . 9  e a c h  w i t h  a  d i f f e r e n t  p a t t e r n  
o f  lo w  l e v e l  n o is e  a s  i n  F ig u r e  1 . 1 1 .
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F ig u r e  1 . 1 3 *  E f f e c t  o f  a  s m o o th in g  t r a n s f o r m a t io n .  Is o m e t r ic
p r o j e c t i o n  o f  t h e  d i g i t i s e d  im ag e  shown i n  F ig u r e  1 .1 1  
( F ig u r e  1 .9  w i t h  a d d e d  n o is e  )  a f t e r  f o u r  p a s s e s  o f  th e  
s m o o th in g  t r a n s f o r m a t io n  d e s c r ib e d  i n  C h a p te r  1 ,  1 . 6 . 4 *  
T h is  im age s h o u ld  be com p ared  w i t h  F ig u r e  1 . 1 2 .
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F ig u r e  1 . 1 4 ,  E f f e c t  o f  a  s h a rp e n in g  t r a n s f o r m a t io n .  Is o m e t r ic  
p r o j e c t i o n  o f  th e  sm oothed  d i g i t i s e d  im ag e  shown 
in . F ig u r e  1 .1 3  a f t e r  th e  a p p l i c a t i o n  o f  th e  L a p la c ia n  
s h a rp e n in g  t r a n s f o r m a t io n  d e s c r ib e d  i n  C h a p te r  1 ,  1 * 6 * 5
59
F ig u r e  1 .1 5 •  D e t e r m in a t io n  o f  f e a t u r e s  (m e th o d  1 ) .  I s o m e t r ic  
p r o j e c t i o n  o f  th e  im age  shown i n  F ig u r e  1 . 9  a f t e r  
c o n t r a s t  en han cem en t f o l lo w e d  by f i v e  a p p l i c a t i o n  
o f  th e  s m o o th in g  t r a n s f o r m a t io n *
60
F ig u r e  1 .1 6 *  D e t e r m in a t io n  o f  f e a t u r e s  (m e th o d  l ) .  Is o m e t r ic
p r o je c t i o n  o f  th e  d i g i t i s e d  im ag e  shown i n  F ig u r e  1 .1 5  
a f t e r  c l i p p i n g  a t  4 0 ,  i e  an y  p i x e l  w i t h  a  g r e y  l e v e l  
l e s s  th a n  4 0  h a s  b een  s e t  t o  z e r o .  T h is  o p e r a t io n  
s e p a r a te s  th e  p e a k  a r e a s .
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F ig u r e  1 . 1 7 .  D e te r m in a t io n  o f  f e a t u r e s  (m e th o d  2 ) .  Is o m e t r ic  
p r o j e c t i o n  o f  th e  im age shown i n  F ig u r e  1 . 9  a f t e r  
c o n t r a s t  en han cem en t f o l lo w e d  by  t h r e e  p a s s e s  o f  
t h e  s m o o th in g  t r a n s f o r m a t io n .
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F ig u r e  1 . 1 8 .  D e te r m in a t io n  o f  f e a t u r e s  (m e th o d  2 ) .  Is o m e t r ic  p r o je c t i o n  
o f  th e  d i g i t i s e d  im age  shown i n  F ig u r e  1 .1 7  a f t e r  25  
a p p l i c a t i o n s  o f  th e  seq uen ce  one p a s s  o f  th e  s h a rp e n in g  
f i l t e r  f o l lo w e d  by  t h r e e  p a s s e s  o f  t h e  s m o o th in g  f i l t e r .  
T h i s  im age s h o u ld  be co m p ared  w i t h  t h a t  i n  F ig u r e  1 . 1 6 .
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Chapter 2
2. The p r e p a r a t i o n  and s t a b i l i t y  of  t h e r m o e le c t r e t s  produced
from t a b l e t i n g  e x c i p i e n t s  based on c e l l u l o s e .
The a b i l i t y  t o  i nduce  a q u a s i - p e r m a n e n t  e l e c t r o s t a t i c  f o r c e  i n  a 
t a b l e t i n g  e x c i p i e n t  has been proposed as a mechanism f o r  enhanci ng  
t he  adhes i on  of  f i n e  p a r t i c l e s  t o  coar se  p a r t i c l e s  d u r i n g  mi x i ng so 
t h a t  f o r m a t i o n  of  s t a b l e  o r d er ed  u n i t s  can be g u a r a n t e e d  ( Chapt e r  1,  
1 . 4 . 1 ) .  To t h i s  end t h e  f e a s i b i l i t y  of  i n d u c i n g  q u a s i - p e r ma n e n t  
e l e c t r o s t a t i c  f o r c e s  in c e l l u l o s e - b a s e d  t a b l e t i n g  e x c i p i e n t s ,  such as 
A v i c e l  PH102 and Elcema G250,  by means of  t h e  t h e r m o e l e c t r e t  e f f e c t  
was s t u d i e d .
2 .1 .  M a t e r i a l s ,  appara tus  and methods.
2 . 1 . 1 .  M a t e r i a l s .
The m a t e r i a l s  used f o r  t h e  p r e p a r a t i o n  and i n v e s t i g a t i o n  of  t he  
t h e r m o e l e c t r e t  p r o p e r t i e s  of  c e l l u l o s e  based t a b l e t i n g  e x c i p i e n t s  
were as f o l l o w s .
1. Carnauba wax,  a m a t e r i a l  known t o  produce t h e r m o e l e c t r e t s  and 
f i r s t  d e s c r i b e d  f o r  such use by Eguchi  ( 1 5 1 - 1 5 8 ) .
2.  A v i c e l  PH102,  l o t  7 24 2 ,  FMC C o r p o r a t i o n ,  P h i l a d e l p h i a ,  U . S . A . ,  
t h r ough  H o n e y w i l l  and S t e i n ,  London,  U . K . .
3.  El cema G250,  BN D / 4 0 9 1 6 5 ,  Degussa GmbH, F r a n k f u r t ,  FRG.
Carnauba wax was s e l e c t e d  as t h e  m a t e r i a l  f o r  t e s t i n g  t he
s p e c i a l l y  c o n s t r u c t e d  a p p a r a t u s  f o r  t h e  p r o d u c t i o n  and a n a l y s i s  of  
t h e r m o e l e c t r e t s  because of  i t s  w e l l  documented t h e r m o e l e c t r e t  
b e h a v i o u r  ( 1 5 1 - 1 5 8 ,  1 6 0 - 1 6 9 ) .  A v i c e l  PH102 was chosen f o r  t he
i n v e s t i g a t i o n  because i t  has p r e v i o u s l y  been d e s c r i b e d  as e x h i b i t i n g  
t h e r m o e l e c t r e t  p r o p e r t i e s  ( as A v i - c e l ,  1 4 4 ) .  Elcema G250 was chosen 
because i t  was a c e l l u l o s e  based t a b l e t i n g  e x c i p i e n t  and a l s o  f o r  i t s  
l a r g e  p a r t i c l e  s i z e  (approx 250^m d i a m e t e r )  and r e g u l a r  s p h e r o i d a l  
shape.  These l a t t e r  p r o p e r t i e s  were chosen t o  f a c i l i t a t e  t he  
i s o l a t i o n  of  s i n g l e  or der ed  u n i t s  f rom b i n a r y  powder mi xes.  The 
a b i l i t y  t o  i s o l a t e  i n d i v i d u a l  o r der ed  u n i t s  w i t h  r e l a t i v e  ease was 
needed f o r  subsequent  i n v e s t i g a t i o n s  of  t he  t h e r m o e l e c t r e t  e f f e c t  on 
t h e  i n t e r a c t i o n  between c a r r i e r  e x c i p i e n t s  and a d h e r e n t  drug.
2 . 1 . 2 .  Appara tus.
The a p p a r a t u s  used f o r  t h e  ma n uf a c t u r e  of  t h e r m o e l e c t r e t s  and 
t h e i r  subsequent  a n a l y s i s  was s p e c i a l l y  des i gned  and c o n s t r u c t e d  f o r
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the production of thermoelsctrets using pharmaceutical materials.
2 . 1 . 2 . 1 .  Apparatus  used f o r  p re p a r in g  t h e r m o e le c t r e t s .
The equi pment  used t o  p r e p a r e  t h e r m o e l e c t r e t s  f rom Carnuaba wax,  
A v i c e l  PH102 and Elcema G250 c o n s i s t e d  of  an oven,  an e x t r a  hi gh  
t e n s i o n  (EHT) g e n e r a t o r  ( Te l e max ,  i n s u l a t i o n  t e s t  s e t ,  I OS/ 1 6 4 9 8 ,  
t y p e  115 ,  Te l eme cha n i cs  L t d ) ,  a mercury  t her momet er  and a s p e c i a l l y  
des i gned  and c o n s t r u c t e d  c h a r g i n g  c e l l .  A second EHT g e n e r a t o r  
( t y p e  HVT 6 9 9 ,  V o l s t a t i c  L t d ,  London U . K . )  was used t o  p r o v i d e  an 
n e g a t i v e  c h a r g i n g  p o t e n t i a l  t o  t h e  c h a r g i n g  c e l l  f o r  a smal l  number  
of  e x p e r i m e n t s .
The c h a r g i n g  c e l l  ( F i g u r e s  2 . 1 - 2 . 3 )  compr i sed two i d e n t i c a l  
b r a ss  e l e c t r o d e s  ( F i g u r e  2 . 1 )  f o r  a i r  gap c h a r g i n g ,  an upper  brass  
e l e c t r o d e  ( F i g u r e  2 . 2 )  f o r  c o n t a c t  e l e c t r o d e  c h a r g i n g  and a PTFE 
s e p a r a t i n g  r i n g  ( F i g u r e  2 . 3 ) .  The i n n e r  s u r f a c e  of  t he  br ass  
e l e c t r o d e s  ( F i g u r e  2 . 1 )  was r e ce ss ed  t o  a l l o w  t h e  s e p a r a t i n g  r i n g  t o  
be l o c a t e d  a c c u r a t e l y  when t he  c e l l  was assembled f o r  use.  The 
s e p a r a t i n g  r i n g  was des i gned t o  p r e v e n t  e l e c t r o s t a t i c  d i s c h a r g e  
o c c u r r i n g  between t h e  br ass  e l e c t r o d e s  when t h e  t h e  h i gh v o l t a g e  
e l e c t r i c  f i e l d  n ec essar y  f o r  t he  c h a r g i n g  pr ocess  was a p p l i e d .
Dur i ng  t he  ma nuf a c t ur e  of  t h e r m o e l e c t r e t s  t he  c h a r g i n g  c e l l  was 
mounted on a cork r i n g  t o  p r o v i d e  e l e c t r i c a l  i n s u l a t i o n .  The l ower  
e l e c t r o d e  of  t he  c e l l  was f i t t e d  i n t o  a r e ce ss  which p r e v e n t e d  t he  
c e l l  f rom moving o f f  t h e  cork r i n g  due t o  v i b r a t i o n  ( F i g u r e  2 . 4 ) .
The EHT g e n e r a t o r  was connect ed t o  t h e  e l e c t r o d e s  of  t h e  
c h a r g i n g  c e l l  by passs i ng  t h e  c o n n e c t i n g  c a b l e s  t hr ough an a i r  vent  
i n  t h e  r o o f  of  t he  oven ( F i g u r e  2 . 5 ) .  The i n s u l a t i o n  of  t h e  w i r es  
c o n n e c t i n g  t h e  e l e c t r o d e s  of  t he  c e l l  t o  t h e  EHT g e n e r a t o r  was 
p r o p y l  r u b b e r .  Th i s  m a t e r i a l  was s e l e c t e d  because i t  had t he  hea t  and 
e l e c t r i c a l  r e s i s t a n c e  r e q u i r e d  f o r  use a t  h i gh t e m p e r a t u r e s  and 
v o l t a g e .  The l ower  e l e c t r o d e  of  t he  c h a r g i n g  c e l l  was connect ed t o  
t h e  e a r t h e d  t e r m i n a l  of  t h e  EHT g e n e r a t o r  and t he  upper  e l e c t r o d e  t o  
t h e  p o s i t i v e  t e r m i n a l .  The upper  e l e c t r o d e  of  t h e  c e l l  was used t o  
a p p l y  t h e  e l e c t r i c  f i e l d  t o  mi n i mi s e  t h e  p o s s i b i l i t y  of  a c c i d e n t a l  
d i s c h a r g e  of  h i gh v o l t a g e  e l e c t r i c i t y  t o  t he  meta l  s h e l v e s  and w a l l s  
of t h e  oven.
The EHT g e n e r a t o r  used a l l o w e d  a maximum measur ab l e  e l e c t r i c a l  
p o t e n t i a l  of  +14 k i l o v o l t s  (kV)  w i t h  r e s p e c t  t o  e a r t h  t o  be a p p l i e d  
to t he  upper  e l e c t r o d e .  Due t o  t h e  i n d u c t i o n  of  image charge  on t he
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l o w e r ,  e a r t h e d  e l e c t r o d e  t h i s  i m p l i e s  a t o t a l  p o t e n t i a l  d i f f e r e n c e  
between t h e  upper  and l ower  e l e c t r o d e s  of  a p p r o x i m a t e l y  28kV.  A 
swi t ch  mounted on t he  f r o n t  pane l  of  t he  EHT g e n e r a t o r  a l l o we d  a 
meter  to i n d i c a t e  e i t h e r  t he  a p p l i e d  v o l t a g e  i n k i l o v o l t s  or t he  
l e ak ag e  c u r r e n t  in mi c r o a mpe r e s , ( j ja)  , due t o  t h e  a p p l i e d  e l e c t r i c  
p o t e n t i  a l .
The mercury  t her mometer  was suspended t hr ough  t he  a i r  vent  of  
t he  oven and used t o  mon i t o r  t he  t e m p e r a t u r e  of  t he  oven in a d d i t i o n  
t o  t he  o v e n ' s  b u i l t  i n  t he r mo me t e r .  The oven was of  a t ype  des i gned  
f o r  t he  hea t  s t e r i l i s a t i o n  of  p h a r m a c e u t i c a l 5 and was t h e r e f o r e  
capab l e  of  m a i n t a i n i n g  a c o n s t a n t  and even t e m p e r a t u r e  t houghout  i t s  
i n t e r n a l  vol ume.  Heat  u n i f o r m i t y  was a s s i s t e d  by an a i r - c i r c u l a t i n g  
fan b u i l t  i n t o  t he  oven.  Temper a t u r e  c o n t r o l  was p r o v i de d  by an 
a d j u s t a b l e  t h e r m o s t a t  mounted o u t s i d e  t h e  oven.
2 . 1 . 2 . 2 .  Apparatus used f o r  measur ing the  charge s to re d  in  a 
t h e r m o e le c t r e t .
The a p p a r a t u s  used t o  measure t he  char ge  s t a r e d  in a 
t h e r m o e l e c t r e t  ( F i g u r e  2 . 6 )  i n c l u d e d  a gas chr omat ogr aph oven ( P e r k i n  
Elmer s e r i a l  no A 2 3 1 0 ) , a t e m p e r a t u r e  programmer ( P e r k i n  E l mer ,  Type 
4540040 ,  s e r i a l  no 2 4 4 3 2 ) ,  an X Y / t  c h a r t  r e c o r d e r  (Type PL4,  JJ L l oyd  
I n s t r u m e n t s ,  Southampton,  E n g l a n d ) ,  an e l e c t r o m e t e r  ( t y p e  610C,  
K e i t h l e y  I n s t r u m e n t s  I n c . ,  C l e v e l a n d ,  Oh i o ,  USA) ,  two t he r mocoup l es  
( t y p e  k,  c h r o m e l - a l u m e l ) ,  a d i s c h a r g e  c e l l  ( s p e c i a l l y  c o n s t r u c t e d ) ,  
metal  t r i p o d ,  cor k  r i n g ,  mercury  t he r mo me t e r ,  a m e l t i n g  i c e / w a t e r  
bath and t e m p e r a t u r e  r e s i s t a n t  c a b l e  w i t h  low impedance which was 
used t o  connect  t h e  d i s c h a r g e  c e l l  t o  t h e  e l e c t r o m e t e r .
The d i s c h a r g e  c e l l  used t o  measure t he  char ge  s t o r e d  i n any 
t h e r m o e l e c t r e t s  produced was i d e n t i c a l  t o  t he  s t a n d a r d  c h a r g i n g  c e l l  
( F i g u r e s  2 . 1 - 2 . 3 ) .  The d i s c h a r g e  c e l l  was mounted on a cor k  r i n g  i n  
t he  same manner as t he  c h a r g i n g  c e l l  ( F i g u r e  2 . 4 ) .  The cor k  r i n g  and 
d i s c h a r g e  c e l l  were ,  however ,  a l s o  mounted on t h e  meta l  t r i p o d  t o  
r a i s e  t h e  assembly above t he  a i r  c i r c u l a t i n g  f an  of  t he  gas 
chr omatogr aph oven.
The gas chr omat agr aph oven used was c o n t r o l l e d  by a t e m p e r a t u r e  
programmer .  T h i s  a r r angement  a l l o w e d  t h e  t e m p e r a t u r e  of  t he  oven t o  
be a c c u r a t e l y  c o n t r o l l e d  d u r i n g  t h e  measurement  of  t h e  char ge  s t o r e d  
i n a t h e r m o e l e c t r e t ,  a pr ocess  which cou l d  t a k e  s e v e r a l  hour s .  The 
t e m p e r a t u r e  programmer was used t o  p r o v i d e  an i n i t i a l  e q u i l i b r a t i o n
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p e r i o d  a t  a known t e m p e r a t u r e  and then a l i n e a r  t e m p e r a t u r e  r i s e  a t  a 
known r a t e  t o  a p r e d e t e r m i n e d  upper  l i m i t .  T h i s  c o n t r o l  of  t he  r a t e  
of sample h e a t i n g  was n ec es s ar y  t o  o b t a i n  r e p r o d u c i b l e  d i s c h a r g e  
c u r r e n t s  -from t h e  t h e r m o e l e c t r e t s  be i ng  measured.
The t e m p e r a t u r e  of  t he  d i s c h a r g e  c e l l  was mon i t o r ed  us i ng  two 
t ype  k t he r mo c o up l e s .  The t he r moc oup l e s  were used i n  o p p o s i t i o n ,  one 
j u n c t i o n  i n s e r t e d  i n t o  t h e  w a l l  of  t he  s e p a r a t i n g  r i n g  of  t he
d i s c h a r g e  c e l l  and t he  o t h e r  i n t o  a m e l t i n g  i c e / d i s t i l l e d  wat er  
m i x t u r e .  The m e l t i n g  i c e / d i s t i l l e d  wa t e r  m i x t u r e  was used t o  p r o v i d e  
a known r e f e r e n c e  v o l t a g e  so t h a t  t he  t e m p e r a t u r e  of  t he  sample coul d  
be measured a c c u r a t e l y .  The o u t p u t  of  t he  p a i r  of  t he r mocoup l es  was 
checked a g a i n s t  r e f e r e n c e  v a l u e s  ( 210)  by measur i ng t he  v o l t a g e
ou t p u t  of  t h e  p a i r  w i t h  one j u n c t i o n  immersed i n  a m e l t i n g
i c e / d i s t i l l e d  wa t e r  m i x t u r e  and t h e  o t h e r  i n  b o i l i n g  d i s t i l l e d  w a t e r .
The e l e c t r o m e t e r  used was c a p a b l e  of  measur i ng s e v e r a l  
e l e c t r i c a l  p a r a m e t e r s ,  i n c l u d i n g  v o l t a g e  and r e s i s t a n c e ,  but  was used 
her e  in c u r r e n t  ( e l e c t r i c a l )  mode as a nanoammeter .  The s e n s i t i v i t y  
of t he  i n s t r u m e n t  i n  c u r r e n t  mode was such t h a t  i t  was c ap a b l e  of  
measur ing a c u r r e n t  of  1x10“ *^ ampere f o r  a f u l l  s c a l e  d e f l e c t i o n  of  
t he  me t e r .  In g e n e r a l  t he  f o l l o w i n g  s e t t i n g s  were used du r i n g  TSDC 
measurements:
The e l e c t r o m e t e r  was used i n  ' f a s t '  mode as t h i s  was s u i t a b l e
f o r  t he  low c u r r e n t s  be i ng  measured.  In t h i s  mode, i n c r e a s e s  in t he
c a p a c i t a n c e  of  t h e  system due t o  t r a n s i e n t  v o l t a g e  changes were  
n e u t r a l i s e d  v e r y  r a p i d l y  and d i d  not  t h e r e f o r e  a f f e c t  t h e  c u r r e n t  
bei ng measured and t he  t r a c e s  t hus  o b t a i n e d .
The use of  t he  met re  i n  ' c e n t r e  z e r o '  mode a l l o w e d  t he  meter  t o  
r e g i s t e r  p o s i t i v e  and n e g a t i v e  c u r r e n t  f l o w s  as opposed t o  o n l y
p o s i t i v e  or o n l y  n e g a t i v e  c u r r e n t  f l o w s .  The magni tude  of  t he
e l e c t r i c a l  p a r ame t e r  be i ng  measured^ n ec es s ar y  t o  produce a f u l l  s c a l e  
d e f l e c t i o n  of  t he  metei^ were o b t a i n e d  by m u l t i p l y i n g  t h e  v a l u e  of  t he  
m u l t i p l i e r  s w i t c h  by t h a t  of  t h e  range  s w i t c h .  The example s e t t i n g  
v a l u e s  g i v en  above t h e r e f o r e  gave f u l l  s c a l e  d e f l e c t i o n s  of  1x10""**  
amps, 3 x1 0 “ **  amps, 1x10“ *^ amps and 3 x 1 0 ” *^ amps,  a l t h o u g h  t h e  





C e n t r e  Zero
1x 1 0 ” *^ or 1x10“ * *  ampere f . s . d .  
x l  or  x3M u l t i  p i i  er
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A f u l l  s c a l e  d e f l e c t i o n  of  t h e  meter  produced a 3 v o l t  s i g n a l  a t  
t he  ' o u t p u t '  s ocke t  a t  t h e  r e a r  of. t h e  e l e c t r o m e t e r . Th i s  o u t p u t  
s i g n a l  was f u l l y  p r o p o r t i o n a l  t o  t h e  v a l u e  i n d i c a t e d  by t he  meter  
pr oduci ng  n e g a t i v e  v o l t a g e s  when n e g a t i v e  v a l u e s  were o b t a i n e d  and 
even when t h e  meter  i n d i c a t e d  o v e r r a n g e  v a l u e s .
The XY / t  p l o t t e r  was used i n i t s  XY mode t o  r e c o r d  t h e  o u t p u t
v o l t a g e s  of  t h e  t he r moc oup l e s  and e l e c t r o m e t e r .  The s c a l e s  used by 
t he  p l o t t e r  were g i ven i n  v o l t a g e s  f o r  a 100mm d i s t a n c e  on t he  
p l o t t e r  bed.  The o u t p u t  f rom t he  e l e c t r o m e t e r  was connect ed t o  t he  Y 
i n p u t  of t he  p l o t t e r  and a s c a l e  of  2 . 5  V o l t  per  100 mm was used.  
Thi s  meant t h a t  a f u l l  s c a l e  d e f l e c t i o n  of  t he  e l e c t r o m e t e r  produced
a pen d i s p l a c e m e n t  of  120mm. The t he r moc oup l e s  were connect ed t o  t he
X i n p u t  of  t h e  p l o t t e r  and u t i l i s e d  s c a l e s  of  2 . 5  mV per  100 mm or  
5mV per  100 mm dependi ng upon whether  Carnauba wax was be i ng  measured  
or A v i c e l  PH102 or Elcema G250.  The i n p u t  s i g n a l s  were a r r ange d  so 
t h a t  i n c r e a s i n g  t he  t e m p e r a t u r e  (X) produced a pen d i s p l a c e m e n t  t o  
t he  r i g h t  and a p o s i t i v e  movement of  t he  meter  n e e d l e  of  t he  
e l e c t r o m e t e r  (Y) produced an upward pen d i s p l a c e m e n t .
The c a b l e s  used t o  connect  t h e  e l e c t r o d e s  of  t h e  d i s c h a r g e  c e l l  
t o  t he  e l e c t r o m e t e r  were chosen t o  mi n i mi se  probl ems due t o  t he  
i n t e r n a l  c a p a c i t a n c e  of  t h e  w i r e s ,  v i b r a t i o n  and e x t e r n a l  e l e c t r i c a l  
f i e l d s  which would o t h e r w i s e  i n t r o d u c e  a h i gh degr ee  of  n o i s e  i n t o  
t he  s i g n a l  be i ng  measured.  The i n s u l a t i n g  m a t e r i a l  betweeen t he
s i g n a l  cor e  and t he  o u t e r  s h i e l d i n g  of  t he  c a b l e  was PTFE and 
t h e r e f o r e  had e x c e l l e n t  e l e c t r i c a l  i n s u l a t i n g  p r o p e r t i e s  even at  
e l e v a t e d  t e m p e r a t u r e s .  The c a b l e  i t s e l f  was t aped t o  f i r m  
n o n - v i b r a t i n g  s u r f a c e s  t o  r educe  i n t e r n a l  t r i b o e l e c t r i c  c ha r g i n g
caused by f r i c t i o n  due t o  v i b r a t i o n .  The o u t e r  s h i e l d i n g  b r a i d s  of  
t he  s i g n a l  c a b l e s  were connect ed t o g e t h e r  and then t o  an e a r t h i n g  
post  on t h e  e l e c t r o m e t e r  t o  p r o v i d e  t h e  same s h i e l d i n g  
c h a r a c t e r i s t i c s  f o r  both t h e  i n p u t  s i g n a l  and i t s  r e f e r e n c e .  These  
measures s u b s t a n t i a l l y  reduced t he  degr ee  of  n o i s e  p r e s e n t  i n  t h e  
s i g n a l  over  t h e  c u r r e n t  r anges  used t o  measure t h e  d i s c h a r g e  of  
t h e r m o e l e c t r e t s .
2 . 1 . 2 . 3  Punch and d ie  assembly f o r  p re p a r in g  compressed sample 
d i s c s  f rom A v ic e l  PH102 and Elcema G250.
The A v i c e l  PH102 and Elcema G250 powders used were compressed
i n t o  sample d i s c s  us i ng  a punch and d i e  c o n s t r u c t e d  f rom mi l d  s t e e l
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( F i g u r e  2 . 7 ) .  The d i e  was c o n s t r u c t e d  t o  t h e  same d i mensi ons  as t he  
s e p a r a t i n g  r i n g  used in t he  c h a r g i n g  and d i s c h a r g i n g  c e l l s .  The 
punch and base p l a t e  used w i t h  t h e  d i e  had f l a t  s u r f a c e s  on both  
s i d e s  so t h a t  t he  A v i c e l  PH102 and Elcema G250 compacts coul d  be 
pr epar ed  us i ng  a hand o p e r a t e d  h y d r a u l i c  p r e s s .  The reason f o r  
m a n u f a c t u r i n g  compacts was s o l e l y  t o  a l l o w  t he  powdered m a t e r i a l  t o  
be handl ed c o n v e n i e n t l y .  The p r e s s u r e s  used d u r i n g  compr essi on were  
r e l a t i v e l y  low so t h a t  t he  compacts formed cou l d  be repowdered by 
mi l d  mechani ca l  s t r e s s ,  such as t h a t  a p p l i e d  by g e n t l y  r ubb i ng  
between thumb and f i n g e r s .
2 .1 . 3 .  Methods.
2 . 1 . 3 . 1 .  P re p a ra t io n  of  b lank samples.
T h e r m o e l e c t r e t s  of  car nauba  wax,  A v i c e l  PH102 and Elcema G250 
were produced f rom d i s c s  of  t h e  m a t e r i a l  or powder .  When d i s c s  were  
used t he  method of  p r e p a r a t i o n  v a r i e d  dependi ng upon t he  m a t e r i a l  in  
q u e s t i o n .
Carnauba wax d i s c s  were formed by po u r i n g  t h e  mol t en wax i n t o  a 
d i s c h a r g e  c e l l  t h a t  had p r e v i o u s l y  had s e v e r a l  l a y e r s  of  a l umi ni um  
f o i l  sandwiched between t he  s e p a r a t i n g  r i n g  and t he  l ower  e l e c t r o d e  
t o  p r e v e n t  l e a k s .  The mol ten wax was then p l aced  i n  a p r e h e a t e d  oven 
at  80°C t o  90°C which was then a l l o w e d  t o  cool  n a t u r a l l y  t o  room 
t e m p e r a t u r e .  When cool  t he  wax d i s c  was removed and t he  upper  and 
l ower  s u r f a c e s  smoothed.  T h i s  smoothing was per f or med by r u b b i n g  t h e  
wax d i s c  on a sheet  of  carborundum paper  p l a ce d  on t h e  bencht op .  
Thi s  p r ocedur e  was nec es s ar y  t o  remove t he  meniscus r i n g  and 
c u r v a t u r e  of  t he  d i s c  induced d u r i n g  c o o l i n g  t h e r e b y  pr omot i ng  b e t t e r  
c o n t a c t  between t he  wax d i s c  and t h e  c h a r g i n g  or  d i s c h a r g e  
e l e c t r o d e ( s ) .
D i scs  of  A v i c e l  PH102 and Elcema G250 were p r e pa r e d  by 
compressi on i n  t he  s p e c i a l l y  c o n s t r u c t e d  punch and d i e .  The d i e  was 
mounted on t h e  base p l a t e  and t hen f i l l e d  w i t h  t h e  m a t e r i a l  t o  be 
compressed (a l e v e l  f i l l  of  t h e  d i e ,  r a t h e r  than a weiged amount ,  was 
used t o  a ssur e  c o n s i s t e n c y  of  f i l l  f o r  each t ype  of  m a t e r i a l  u s e d ) .  
The upper  punch was then p l aced  on t h e  powder bed and pressed down by 
hand t o  p a r t i a l l y  c o n s o l i d a t e  t h e  powder bed.  The p r e pa r e d  punch and 
d i e  were then p l aced  in a hand o p e r a t e d  h y d r u a l i c  p r e s s ,  a l a r g e ,  
s o l i d ,  meta l  c y l i n d e r  p l a ce d  on t h e  upper  punch t o  a c t  as a spacer  
( F i g u r e  2 . 8 ) ,  and compressed.  The f o r c e  used t o  compress t he
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m a t e r i a l  was moni t or ed  usi ng a l o a d i n g  gauge b u i l t  i n t o  t h e  p r e s s .  A 
measured l oad of  a p p r o x i m a t e l y  one ton was s u f f i c i e n t  t o  produce  
d i s c s  of d e s i r e d  p r o p e r t i e s  us i ng  A v i c e l  PH 102 whereas f i v e  tons was 
n ec es s ar y  f o r  Elcema G250 ( a p p r o x i m a t e l y  1 and 5 t o n n e s ) .  The degree  
of compr essi on u t i l i s e d  was o n l y  s u f f i c i e n t  t o  form d i s c s  which coul d  
e a s i l y  be d i s r u p t e d  us i ng v e r y  mi l d  mechani ca l  p r e s s u r e  as d e s c r i b e d  
above.
When i t  was nec es s ar y  t o  p r e p a r e  t h e r m o e l e c t r e t s  f rom powdered 
A v i c e l  PH102 and Elcema G250 t he  powder was b u l k  f i l l e d  i n t o  t he  
d i s c h a r g e  c e l l  and then pressed down ma nua l l y  us i ng  t he  upper  punch 
of  t he  punch and d i e  d e s c r i b e d  above.  T h i s  manual  compressi on was 
c a r r i e d  out  t o  expel  a i r  f rom t he  powder bed and p r e v e n t e d  s po u t i n g  
d u r i n g  t h e  c h a r g i n g  and d i s c h a r g i n g  p r o c e d u r e s .
2 . 1 . 3 . 2 .  The e l e c t r e t  fo rm in g  p rocedure .
The method used f o r  m a n u f a c t u r i n g  t h e r m o e l e c t r e t s  f rom carnauba  
wax was v e r y  s i m i l a r  t o  t h a t  used by Eguchi  ( 1 5 2 ,  1 5 8 ) .  In t h i s  
c a s e ,  however ,  t he  carnauba wax was s o f t e n e d  but  not  a l l o we d  t o  me l t  
as t he  c o n s t r u c t i o n  of  t he  c h a r g i n g  c e l l  a l l o w e d  mol ten wax t o  l e a k .  
The compressed d i s c s  and powder samples of  A v i c e l  PH102 and Elcema  
G250 were charged i n  t h e  same manner as Carnauba wax,  t he  on l y  
d i f f e r e n c e s  bei ng t he  d u r a t i o n  of  t he  e q u i l i b r a t i o n  p e r i o d  and t h e  
c h a r g i n g  t e m p e r a t u r e  used.
The b l a nk  sample t o  be charged was p l a ce d  i n t he  c h a r g i n g  c e l l  
which was then mounted i n s i d e  t h e  oven used.  The t e m p e r a t u r e  
r e q u i r e d  f o r  t he  c h a r g i n g  p r o ce d u r e  was s e t  on t h e  t h e r m o s t a t  of  t he  
oven and t h e  sample l e f t  t o  hea t  up.  When a t  t h e  c ha r g i n g  
t emper at ur e^  t he  sample was a l l o w e d  t o  e q u i l i b r a t e * ,  f o r  car nauba  wax 
t h i s  was a f i v e  mi nut e  p e r i o d  whereas f o r  A v i c e l  PH102 and Elcema  
G250 a minimum of  t h i r t y  mi nut es  was used.  In t h e  l a t t e r  case t he  
upper  e l e c t r o d e  was not  p l a ce d  on t he  c h a r g i n g  c e l l  u n t i l  a f t e r  t h e  
e q u i l i b r a t i o n  p e r i o d .  Th i s  d e l a y  was n ec es s ar y  t o  a l l o w  water
desorbed f rom t h e  c e l l u l o s e  s u b s t r a t e  ( 2 1 1 ,  212)  t o  d i s p e r s e .
The t e m p e r a t u r e  and e l e c t r i c  p o t e n t i a l  were t hen m a i n t a i n e d  f o r  
one hour .  A f t e r  t he  hour had e l ap s ed  t he  oven and sample were  
a l l o w e d  t o  cool  t o  room t e m p e r a t u r e  whereupon t h e  e l e c t r i c  p o t e n t i a l  
was t u r n e d  o f f  and t he  charged sample t e s t e d  or  s t o r e d  f o r  l a t e r  use.
When us i ng  a i r g a p  c h a r g i n g  ( F i g u r e  2 . 9 )  t he  maximum e l e c t r i c  
p o t e n t i a l  a p p l i e d  t o  char ge  t he  sample w i t h o u t  i n d u c i n g  corona
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d i c h a r g e  around or onto t he  sample v a r i e d  between 10 kV and 14kV.  
These e l e c t r i c  p o t e n t i a l s  c o n v e r t  t o  e l e c t r i c  - f i e l d  s t r e n g t h s  of  1000 
kVm- * and 1400 kVm~* (assuming t h a t  t h e  e a r t h e d  e l e c t r o d e  has no 
induced c h a r g e ) .
When us i ng  c o n t a c t  c h a r g i n g  e l e c t r o d e s  ( F i g u r e  2 . 9 ) ,  t he  maximum 
e l e c t r i c  p o t e n t i a l  used t o  d i s c h a r g e  t h e  sample w i t h o u t  i n d u c i ng  
corona d i s c h a r g e  around or onto t he  sample was l ower  and much more 
v a r i a b l e .  The e l e c t r i c  f i e l d  s t r e n g t h ,  however ,  was dependent  upon 
t he  t h i c k n e s s  of  t he  sampl e .  Thus a 7kV p o t e n t i a l  a p p l i e d  acr oss  a 
sample whose t h i c k n e s s  was 0 . 4  cm would have been e q u i v a l e n t  t o  an 
e l e c t r i c  f i e l d  of  1750 kV m- * ( 7 kV/ 0 . 0 0 4 m ) , a ga i n  assuming t h a t  t h e r e  
was no induced charge  on t he  l ower  e l e c t r o d e .
2 . 1 . 3 . 3 .  Measurement of  the  charge s to re d  in  a t h e r m o e l e c t r e t .
The e l e c t r i c a l  char ge  s t o r e d  i n a p r e pa r e d  t h e r m o e l e c t r e t  was 
measured us i ng  t h e r m a l l y  s t i m u l a t e d  d i s c h a r g e  ( or  d e p o l a r i s i n g )  
c u r r e n t  (TSDC) .  The charged sample t o  be assessed was mounted in t he  
d i s c h a r g e  c e l l  which was then p l a ce d  i n  t h e  gas chr omat ogr aph oven as 
d e s c r i b e d  above ( 2 . 1 . 2 . 2 . ) .  The sample and d i s c h a r g e  c e l l  were then  
a l l owe d  t o  e q u i l i b r a t e  a t  25°C (room t e m p e r a t u r e )  f o r  a p p r o x i m a t e l y  
10 mi n u t e s .  A f t e r  t he  e q u i l i b r a t i o n  p e r i o d ,  t h e  t e m p e r a t u r e  of  t he  
oven was r a i s e d  a t  a c o n s t a n t  r a t e  of  2°C mi n“ * t o  t h e  p r e d e t e r m i n e d  
upper  l i m i t  (a maximum of 80°C f o r  car nauba  wax and 140°C or h i g h e r  
f o r  A v i c e l  PH102 and Elcema G250 ) .  The d u r a t i o n  and t e m p e r a t u r e  of  
t he  e q u i l i b r a t i o n  p e r i o d ,  h e a t i n g  r a t e  and upper  t e m p e r a t u r e  l i m i t  
were c o n t r o l l e d  by t he  t e m p e r a t u r e  programmer .  The upper  t e m p e r a t u r e  
l i m i t  was m a i n t a i n e d  f o r  a p p r o x i m a t e l y  t went y  mi nut es  t o  a l l o w  t he  
c o n t e n t s  of  t he  d i s c h a r g e  c e l l  t o  e q u i l i b r a t e .  The t e m p e r a t u r e  of  
t he  d i s c h a r g i n g  sample was mon i t o r ed  us i ng  a t he r m o c o u p l e ,  so as t o  
a l l o w  a c c u r a t e  d i s c h a r g e  c u r r e n t  vs t e m p e r a t u r e  t r a c e s  t o  be 
o b t a i  n e d .
2 . 1 . 3 . 4 .  L i n e a r i t y  of the  h ea t in g  r a t e  in  the  TSDC oven and 
d ischa rg e  c e l l .
The l i n e a r i t y  of  t he  h e a t i n g  r a t e  of  t he  chr omat ogr aph oven 
used f o r  TSDC measurements was checked by r e c o r d i n g  t he  t e m p e r a t u r e  
i n c r e a s e  a t  a r a t e  of  2°C mi n“ * us i ng  t h e  XV / t  c h a r t  r e c o r d e r  i n  Y / t  
mode. The t e m p e r a t u r e  of  t he  oven was mo n i t o r ed  by t he  same 
t he r mocoupl e  a r r angement  as t h a t  used d u r i n g  TSDC measurements.
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To ensur e  t h a t  t h e  t e m p e r a t u r e  w i t h i n  t h e  d i s c h a r g e  c e l l  was 
a l s o  l i n e a r  t he  same p r oce dur e  was c a r r i e d  out  us i ng  t he  t he r mocoupl e  
i n s e r t e d  i n s i d e  t he  empty d i s c h a r g e  c e l l .
The t e m p e r a t u r e  r ange over  which t he  l i n e a r i t y  of  t he  h e a t i n g
r a t e  was measured was 25°C t o  140°C.  The h e a t i n g  r a t e ,  t e m p e r a t u r e
l i m i t s  and i n i t i a l  e q u i l i b r a t i o n  p e r i o d  were a l s o  de t e r mi n ed  usi ng  
a p p r o p r i a t e  s e t t i n g s  on t h e  t e m p e r a t u r e  c o n t r o l l e r .
2 . 1 . 3 . 5 .  I n i t i a l  t e s t i n g  of  the  TSDC appa ra tus .
The b a s e l i n e  s t a b i l i t y  and s e n s i t i v i t y  of  t h e  a p p a r a t u s  used f o r
measur ing t h e  TSDC of  charged samples was d e t e r mi n e d  us i ng  an empty
d i s c h a r g e  c e l l ,  PTFE d i s c s  s i m i l a r  i n  s i z e  t o  t h e  sample d i s c s ,  b l ank  
carnauba wax samples and charged car nuaba  wax sampl es.
TSDC was per f or med on an empty d i s c h a r g e  c e l l  ( a i r g a p  e l e c t r o d e s  
o n l y )  t o  d e t e r m i n e  t he  l i n e a r i t y  of  t h e  b a s e l i n e  and t o  d e t e r m i n e  t he  
response of  t h e  empty d i s c h a r g e  c e l l .
TSDC was per for med on a b l ank  PTFE d i sc  us i ng  both a i r g a p  and 
c o n t a c t  e l e c t r o d e s  t o  d e t e r m i n e  t h e  e f f e c t  of  t h e  pr esence  of  a 
sample in t h e  d i s c h a r g e  c e l l .
TSDC was per f or med on car nauba  wax d i s c s  t h a t  had been 
d e l i b e r a t e l y  d i s c h a r g e d  by exposur e  t o  t he  e l e c t r e t  f o r mi n g  p r ocedur e  
w h i l s t  o m i t t i n g  t he  a p p l i c a t i o n  of  an e l e c t r i c  p o t e n t i a l .  The 
d i s c h a r g e d  d i s c s  were used w i t h i n  t h i r t y  mi nut es  of  t h e i r  c o o l i n g  to  
room t e m p e r a t u r e .  Bl ank carnauba wax d i s c s  were used t o  examine t he  
e f f e c t  on t he  b a s e l i n e  of  a d i s c h a r g e d  sample of  a known 
t h e r m o e l e c t r e t .  Both a i r  gap and c o n t a c t  e l e c t r o d e s  were used d u r i n g  
TSDC.
TSDC was per f or med on car nuaba  wax d i s c s  t h a t  had been exposed  
t o  t he  f u l l  e l e c t r e t  c ha r g i n g  p r o c e d u r e .  T h i s  was done t o  check t he  
response of  t h e  TSDC a p p a r a t u s  usi ng a known t h e r m o e l e c t r e t  and t o  
p r o v i d e  t r a c e s  t h a t  coul d  be compared a g a i n s t  t hose  p r e s e n t e d  i n t he  
l i t e r a t u r e  ( 1 6 6 ,  1 6 8 ) .
2 . 1 . 3 . 6 .  Manufac ture and TSDC of  thermoel  e c t r e t s  manufactured f rom 
A v ic e l  PHI02 and Elcema 6250.
Samples of  A v i c e l  PH102 and Elcema G250 were s u b j e c t e d  t o  t he  
e l e c t r e t  f o r mi n g  p r o c e d u r e  i n  a number of  d i s t i n c t  ways.
1. A sample of  t h e  powder was p l aced  i n  t he  d i s c h a r g e  c e l l  and t he
r e s u l t i n g  powder bed compressed by hand as d e s c r i b e d  above.
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TSDC was then per for med on t he  uncharged powder .
2.  A sample of  t he  powder was p l a ce d  in t h e  d i s c h a r g e  c e l l  and t he  
r e s u l t i n g  powder bed compressed by hand as d e s c r i b e d  above.  The 
powder bed was then exposed t o  t he  e l e c t r e t  f o r mi n g  p r oce dur e  i n  
t he  d i s c h a r g e  c e l l .  When c o o l ,  t he  d i s c h a r g e  c e l l  assembly was 
t r a n s f e r r e d  i n t a c t  t o  t he  TSDC a p p a r a t u s  t o  p r e v e n t  any 
d i s t u r b a n c e  of t he  charged powder bed and TSDC p e r f o r me d .
3.  A sample of  t he  unprocessed powder was p l a c e d  i n  t h e  c h a r g i n g  
c e l l  and t h e  r e s u l t i n g  powder bed compressed by hand.  The 
powder bed was then exposed t o  t h e  e l e c t r e t  f o r mi n g  p r oce dur e  in  
t he  c h a r g i n g  c e l l .  When c o o l ,  t he  powder was t r a n s f e r r e d  t o  t he  
d i s c h a r g e  c e l l ,  e n s u r i n g  t h a t  t h e  charged powder bed was 
t h o r o u g h l y  d i s t u r b e d  in t h e  pr ocess  t o  randomi se  t he  o r i e n t a t i o n  
of any a l i g n e d  d i p o l e s  p r e s e n t .  The t r a n s f e r r e d  powder was then  
compressed by hand i n  t he  d i s c h a r g e  c e l l  and TSDC p e r f o r me d .
4.  An uncharged compact  was p l a ce d  i n  t h e  d i s c h a r g e  c e l l  and TSDC
p e r f o r me d .
5.  Compacts were charged us i ng t he  e l e c t r e t  f o r mi n g  pr ocedur e
d es c r i b e d  above.  The charged compact  was t hen reduced t o  powder  
usi ng a g l a s s  p e s t l e  and m o r t a r .  The r e s u l t i n g  powder was 
p l a ce d  i n t he  d i s c h a r g e  c e l l  and compressed by hand.  TSDC was 
per f or med on t he  r e s u l t i n g  powder bed.
6 . Compacts were charged us i ng  t he  e l e c t r e t  f o r mi n g  p r oce dur e
d e s c r i b e d  above.  TSDC was per f or med on t he  charged  
t h e r m o e l e c t r e t s  i m m e d i a t e l y  t he y  had coo l ed  t o  room t e m p e r a t u r e  
and a l s o  a f t e r  s t o r a g e .
TSDC was c a r r i e d  out  us i ng  both a i r  gap and c o n t a c t  e l e c t r o d e s  
so t h a t  d i f f e r e n c e s ,  i f  any ,  between t h e  two t e c h n i q u e s  coul d  be 
d i f f e r e n t i a t e d .
2 . 1 . 3 . 7 .  The e f f e c t  of low r e l a t i v e  h u m id i t y  on the  charge s t a b i l i t y  
of  t h e r m o e le c t r e t s  manufactured f rom Elcema G250.
Env i r onment s  w i t h  v e r y  low r e l a t i v e  h u m i d i t i e s  were p r o v i de d  by 
usi ng d e s i c c a t o r s  t h a t  e i t h e r  c o n t a i n e d  a c t i v a t e d  s i l i c a  gel  in  
vacuo o r m w h i c h  a i r  was d r i e d  by phosphorous p e n t o x i d e .  The s t o r e d  
t h e r m o e l e c t r e t s  were a l s o  t i g h t l y  wrapped i n  a l umi n i um f o i l  t o  r educe  
t he  p o s s i b i l i t y  of  a c c i d e n t a l  c o n t a m i n a t i o n  w i t h  a t mo s p he r i c  m o i s t u r e  
when t he  d e s i c c a t o r s  were opened t o  remove a sample f o r  t e s t i n g .  
Samples were removed f rom t he  low r e l a t i v e  h u m i d i t y  a tmosphere  a t
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known i n t e r v a l s  and s u b j e c t e d  t o  TSDC t o  d e t e r m i n e  t h e  char ge  s t o r e d .
2 . 1 . 3 . 8 .  The e f f e c t  of  h u m id i t y  on the  s t a b i l i t y  of  t h e r m o e le c t r e t s  
manufactured f rom Elcema 6250.
Env i r onment s  of  557. r e l a t i v e  h u m i d i t y  were p r o v i de d  usi ng  
d e s i c c a t o r s  c o n t a i n i n g  a r e s e r v o i r  of  a s a t u r a t e d  s o l u t i o n  of  sodium 
n i t r a t e  ( 2 1 3 ) .  The r e l a t i v e  h u m i d i t y  of  t he  atmosphere  g e n e r a t e d  
at  30°C was measured us i ng  a h a i r  h y g r o me t e r .  The s t o r e d  samples  
were not  wrapped i n  a l umi ni um f o i l  so t h a t  a t mo s p he r i c  m o i s t u r e  i n  
t h e  d e s i c c a t o r  coul d  e q u i l i b r a t e  w i t h  t he  s t o r e d  t h e r m o e l e c t r e t s . 
Samples were removed a t  known i n t e r v a l s  and TSDC per f or med t o  
d e t e r mi n e  t h e  char ge  s t o r e d .
2 .2 .  R e s u l t s .
2 . 2 . 1 .  C a l i b r a t i o n  of  the  thermocouples  used to  measure 
tem pera tu re  i n s i d e  the  TSDC oven.
The v o l t a g e  produced by t he  t he r moc oup l e  was measured us i ng  t he  
XY/ t  r e c o r d e r  w i t h  ranges of  2.5mV 100mm” * and 5.0mV 100mm” * '  The 
pen d i s p l a c e m e n t s  measured f o r  an e f f e c t i v e  t e m p e r a t u r e  d i f f e r e n c e  of  
1 0 0 #C were 164 mm f o r  t h e  f or mer  r ange and 82mm f o r  t he  l a t t e r .  Both 
of  t he s e  d i s p l a c e m e n t s  cor r esponded t o  v o l t a g e s  of  4.1mV f o r  t he  
0 CC-100° C t e m p e r a t u r e  r a nge .  Th i s  was i n  v e r y  good agr eement  w i t h  t he  
l i t e r a t u r e  v a l u e s  ( 2 1 0 ) .
2 . 2 . 2 .  F l u c t u a t i o n s  in  the  a p p l ie d  e l e c t r i c  f i e l d  d u r ing  the  
e l e c t r e t  cha rg in g  p rocedure .
Measurement  of  t he  a p p l i e d  e l e c t r i c  f i e l d  d u r i n g  t he  ma nuf a c t ur e  
of a t h e r m o e l e c t r e t  showed t h a t  t h e  v o l t a g e  reduced t o  a minimum 
v a l u e  a f t e r  a p p r o x i m a t e l y  20 mi nut es  and then i n c r e a s e d  t o  s l i g h t l y  
more than than t h e  p r e s e t  v a l u e  as t he  t e m p e r a t u r e  i n c r e a s e d  ( T a b l e  
2 . 1 ,  F i g u r e  2 . 1 0 ) .  Th i s  phenomenon was observed o n l y  when us i ng  
c e l l u l o s e  based samples f o r  t h e  t h e r m o e l e c t r e t  f o r mi n g  p r oce dur e  t h a t  
had not  been p r e v i o u s l y  d r i e d  and where t h e  e l e c t r i c  f i e l d  used was 
a p p l i e d  i m m e d i a t e l y  r a t h e r  than when t h e  sample had e q u i l i b r a t e d  t o  
t he  c h a r g i n g  t e m p e r a t u r e .
The changes i n  t he  a p p l i e d  c h a r g i n g  p o t e n t i a l  were c o r r e l a t e d  
wi t h  t h e  t e m p e r a t u r e s  w i t h i n  t h e  oven and sample by measur i ng t he  
t e m p e r a t u r e  of  t he  sample and oven w i t h  an e l e c t r o n i c  t hermometer  
(hand he l d  e l e c t r o n i c  ther mometer  w i t h  e l e c t r o n i c  co l d  j u n c t i o n ) .
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P l o t t i n g  t he  change i n t he  a p p l i e d  v o l t a g e  w i t h  t i me  f o r  A v i c e l  PH102 
compacts ( T a b l e s  2 . 1 ,  F i g u r e  2 . 1 0 )  showed t h a t  a minimum p e r i o d  of  30 
mi nutes was n e c es s ar y  t o  a l l o w  t he  a p p l i e d  v o l t a g e  t o  r e t u r n  t o  i t s  
i n i t i a l  v a l u e .  A sample of  A v i c e l  PH102 t h a t  had been d r i e d  a t  120°C 
f o r  two hours  p r i o r  t o  c h a r g i n g  ( T a b l e  2 . 2 ,  F i g u r e  2 . 1 1 )  d i d  not  
e x h i b i t  any s i g n i f i c a n t  drop i n t he  a p p l i e d  v o l t a g e  d u r i n g  c h a r g i n g .  
P l o t t i n g  t h e  sample t e m p e r a t u r e  and oven t e m p e r a t u r e  a g a i n s t  t i me  
showed t h a t  t h e  sample t e m p e r a t u r e  l agged s i g n i f i c a n t l y  behi nd t h a t  
of the  oven ( Ta b l e  2 . 3 ,  F i g u r e  2 . 1 2 ) .
P l o t t i n g  t h e  change i n  t h e  a p p l i e d  p o t e n t i a l  a g a i n s t  t h e
t e m p e r a t u r e  of  t he  oven and t h e  sample ( Ta b l e  2 . 3 ,  F i g u r e  2 . 1 2 )  
c on f i r ms  t h e  h y p o t h e s i s  t h a t  t h e  change i n  t h e  a p p l i e d  v o l t a g e  i s  due 
t o  t he  r e l e a s e  of  wa t e r  bound p h y s i c a l l y  t o  t h e  c e l l u l o s e  mo l e c u l e .
2 . 2 . 3 .  L i n e a r i t y  of  the  h e a t ing  r a t e  of  the  TSDC oven.
The h e a t i n g  r a t e  of  t he  gas chr omat ogr aph oven used f o r  t h e  TSDC 
measurements and a t e s t  sample were measured us i ng  t h e  r e v e r s e  b i ased  
t he r mocoup l e  p a i r  r e f e r e n c e d  a g a i n s t  a d i s t i l l e d  w a t e r / m e l t i n g  i c e  
m i x t u r e .  The h e a t i n g  r a t e  of  t he  oven was found t o  be v e r y  l i n e a r  
when c o n t r o l l e d  by t he  t e m p e r a t u r e  programmer ( T a b l e  2 . 4 ,  F i g u r e
2 . 1 4 ) .  The t e m p e r a t u r e  r i s e  i n s i d e  t he  d i s c h a r g e  c e l l  was a l s o  found  
to  be a c c e p t a b l y  l i n e a r ,  t he  o n l y  d e v i a t i o n  o c c u r r i n g  d u r i n g  t he  
i n i t a l  and f i n a l  h e a t i n g  p e r i o d  ( T ab l e  2 . 4 ,  F i g u r e  2 . 1 4 ) .  The 
i n i t i a l  non l i n e a r  response of  t he  d i s c h a r g e  c e l l  r e l a t i v e  t o  t he  
oven t e m p e r a t u r e  meant t h a t  t h e  t e m p e r a t u r e  i n s i d e  t he  d i s c h a r g e  c e l l  
was a l ways  l ower  than t h a t  of  t he  oven.  The upper  l i m i t  of  t he  
t e m p e r a t u r e  programmer had been s e t  f o r  140°C,  i n  both cases t h i s  was 
t he  maximum t e m p e r a t u r e  r e ac h ed .  I t  shoul d be noted t h a t  t he  
t e m p e r a t u r e s  i n s i d e  t he  oven and t h e  sample were not  measured  
s i m u l t a n e o u s l y  but  on two s e p a r a t e  o cc as i ons  as o n l y  one t her mocoup l e  
p a i r  was a v a i l a b l e .
2 . 2 . 4 .  I n i t i a l  t e s t i n g  of  TSDC appara tus .
The i n i t i a l  t e s t i n g  of  t he  TSDC d i s c h a r g e  c e l l  was c a r r i e d  out  
usi ng a i r  gap e l e c t r o d e s  and an empty c e l l .  The t y p i c a l  t r a c e  
o b t a i n e d  f rom t h i s  a r r angement  ( F i g u r e  2 . 1 5 )  was v e r y  f l a t  w i t h  a
smal l  amount of  random n o i s e .  T h i s  n o i s e  was a t t r i b u t e d  t o  t he  c e l l
and c o n n e c t i n g  c a b l e s  v i b r a t i n g  s l i g h t l y  due t o  t he  a c t i o n  of  t he  a i r  
c i r c u l a t i n g  f an w i t h i n  t he  oven.
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The e f f e c t  of  a known b l a nk  sample (a PTFE d i s c )  was examined by 
p e r f o r mi n g  TSDC us i ng  a i r g a p  e l e c t r o d e s  and c o n t a c t  e l e c t r o d e s .  
T y p i c a l  t r a c e s  o b t a i n e d  ( F i g u r e s  2 . 1 6 ,  2 . 1 7 )  were v e r y  s i m i a r  t o  t he  
empty c e l l ,  t he  t r a c e s  o b t a i n e d  be i ng  v e r y  f l a t  w i t h  a smal l  amount  
of  random n o i s e  due t o  t h e  v i b r a t i o n  of  t h e  d i s c h a r g e  c e l l  and 
c on n e c t i n g  c a b l e s .
TSDC was per f or med on car nauba  wax b l a n k s ,  us i ng both a i r  gap 
and c o n t a c t  e l e c t r o d e s ,  t o  assess t h e  r esponse  of  t h e  d i s c h a r g e  c e l l  
t o  a non charged sample of  a m a t e r i a l  w i t h  known t h e r m o e l e c t r e t
p r o p e r t i e s .  T y p i c a l  t r a c e s  o b t a i n e d  ( F i g u r e s  2 . 1 8 ,  2 . 1 9 )  were  
not  as f l a t  as t hose  o b t a i n e d  f o r  t he  empty c e l l  or  t he  PTFE b l a n k ,  
an upward d i s p l a c m e n t  of  t he  t r a c e  be i ng  o b t a i n e d  in both cases .  The 
d e v i a t i o n  f rom t he  f l a t  base l i n e  was observed t o  be ve r y  s ev e r e  f o r  
t he  c o n t a c t  e l e c t r o d e  t r a c e s  as t he  t e m p e r a t u r e  i n c r e a s e d .
TSDC of  charged samples of  car nauba  wax were o b t a i n e d  usi ng o n l y
a i r  gap e l e c t r o d e s  t o  avo i d  t h e  e x c e s s i v e  t a i l i n g  observed when usi ng  
c o n t a c t  e l e c t r o d e s .  The t y p i c a l  t r a c e  o b t a i n e d  ( F i g u r e  2 . 2 0 )  
c o n s i s t e d  of  two peaks ,  t he  f i r s t  be i ng a p o s i t i v e  d i s p l a c e m e n t  and 
t he  second be i ng  a n e g a t i v e  d i s p l a c e m e n t .  These two peaks i n d i c a t e  
t h a t  c u r r e n t  f l o w  i n  o p p o s i t e  d i r e c t i o n s  has occured d u r i n g  d i s c h a r g e  
of  t he  t h e r m o e l e c t r e t .
The t r a c e s  o b t a i n e d  usi ng charged car nauba  wax samples con f i r me d  
t h a t  t he  a p p a r a t u s  assembled f o r  measur i ng t h e  char ge  s t o r e d  in  
t h e r m o e l e c t r e t s  f u n c t i o n e d  c o r r e c t l y  and was s u f f i c i e n t l y  s e n s i t i v e  
t o  a l l o w  t h e  measurment  of  d i s c h a r g e  c u r r e n t s  g r e a t e r  than 5 x1 0 “ ^ '
amperes.  The t y p e  of  TSDC t r a c e  o b t a i n e d  f o r  t he  charged samples of  
carnauba wax and t h e  magni tude  of  t he  d i s c h a r g e  c u r r e n t s  o b t a i n e d  
were i n good, agreement  w i t h  r e p o r t e d  v a l u e s  ( 1 6 6 ,  1 6 8 ) .
2 .2 .5  I n i t i a l  exam ina t ion  of  the  t h e r m o e le c t r e t  p r o p e r t i e s  of
A v ic e l  PH102.
The response  of  t he  TSDC a p p a r a t u s  t o  a c e l l u l o s e  based
m a t e r i a l ,  A v i c e l  PH102,  w i t h  known t h e r m o e l e c t r e t  p r o p e r t i e s  ( 144)
was t e s t e d  usi ng a i r  gap e l e c t r o d e s .  Samples of  f r e s h ,  d r i e d  and 
charged A v i c e l  PH102 were used f o r  t h i s  i n v e s t i g a t i o n .
Ex ami n a t i o n  of  A v i c e l  PH102 i n t he  powdered form i n  which i t  was 
s u p p l i e d  ( F i g u r e  2 . 2 1 )  produced a ve r y  f l a t  t r a c e  showing no
d e t e c t a b l e  c u r r e n t  f l o w .
Ex ami n a t i o n  of  A v i c e l  PH102 powder t h a t  had been d r i e d  ( F i g u r e
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2 . 2 2 )  and had TSDC per for med on t he  u n d i s t u r b e d  powder bed g e n e r a l l y  
produced a smal l  p o s i t i v e  peak.  T h i s  o b s e r v a t i o n  was d i f f i c u l t  t o  
r epr oduce  c o n s i s t e n t l y ,  a l t h o u g h  i t s  magni tude  and d u r a t i o n  i mpl y  
t h a t  i t  i s  u n l i k e l y  t o  be a random e v e n t .
Ex a mi n a t i o n  of  A v i c e l  PH102 powder t h a t  had been charged and
d i s ch a r g ed  w i t h  no d i s t u r b a n c e  of  t h e  powder bed produced a smal l
p o s i t i v e  d i s p l a c e m e n t  ( F i g u r e  2 . 2 3 ) .  T h i s  eve nt  was aga i n  d i f f i c u l t  
t o  r epr oduce  c o n s i s t e n t l y .
Ex ami n a t i o n  of  A v i c e l  PH102 powder t h a t  had been charged and
then had t he  powder bed d i s t u r b e d  b e f o r e  TSDC produced a f l a t  t r a c e
i n d i c a t i n g  l i t t l e  or  no d i s c h a r g e  c u r r r e n t  ( F i g u r e  2 . 2 4 ) .
Ex a mi n a t i o n  of  A v i c e l  PH102 compacts t h a t  had d r i e d  p r i o r  t o  
TSDC aga i n  produced a f l a t  t r a c e  i n d i c a t i n g  l i t t l e  or no d i s c h a r g e  
c u r r e n t  ( F i g u r e  2 . 2 5 ) .
E x ami n a t i o n  of  A v i c e l  PH102 compacts t h a t  had been charged ( i e  
A v i c e l  PH102 t h e r m o e l e c t r e t s )  produced t r a c e s  v e r y  s i m i l a r  t o  t hose  
o b t a i n e d  f o r  Carnauba wax t h e r m o e l e c t r e t s .  A t y p i c a l  t r a c e  ( F i g u r e  
2 . 2 6 )  c o n s i s t e d  of two peaks ,  t h e  f i r s t ,  a p o s i t i v e  d i s p l a c e m e n t ,  
o c c u r r i n g  around 4 5 ° C- 5 5 ° C  and t he  second,  a n e g a t i v e  d i s p l a c e m e n t ,  
o c c u r r i n g  a t  around 7 2 ° C - 8 2 ° C .
Ex a mi n a t i o n  of  charged compacts t h a t  had been repowdered i n  a 
g l a s s  p e s t l e  and mor t ar  produced f l a t  TSDC t r a c e s  showing l i t t l e  or  
no d i s c h a r g e  c u r r e n t  ( F i g u r e  2 . 2 7 ) .
2 .2 . 6 .  E f f e c t  of  compact t h i c k n e s s  on the  TSDC of  A v ic e l  PH102 
us ing a i r  gap e le c t r o d e s .
The magni tude  of  t h e  two peaks o b t a i n e d  d u r i n g  TSDC of  A v i c e l  
PH102 appeared t o  be v a r i a b l e .  In an a t t e m p t  t o  e l i m i n a t e  one 
p o s s i b l e  v a r i a b l e  a s e r i e s  of  samples of  d i f f e r i n g  t h i c k n e s s  were  
charged us i ng  a p p r o x i m a t e l y  t h e  same e l e c t r i c  f i e l d .  The compact  
t h i c k n e s s e s  used were 1.3mm, 2 . 95mm, 4 . 3mm and 5 . 8mm and t he
c o r r e s p o n d i n g  e l e c t r i c  f i e l d s  a p p l i e d  d u r i n g  t h e  c h a r g i n g  process  
were 1540 kVm- * ,  1360 kVm- * ,  1400kV m“ * and 1 38 0 kV ra~*. The t r a c e s  
o b t a i n e d  f o r  t h e s e  compacts ( F i g u r e s  2 . 2 8 - 2 . 3 1 )  show t h a t  as t he  
t h i c k n e s s  of  t he  compact  i n c r e a s e s  so does t h e  magni tude  of  t he  
d i s c h a r g e  peaks .  A second e f f e c t  t h a t  was obser ved was t h a t  t he  
p o s i t i o n  of  t he  peaks were s h i f t e d  t o  t he  r i g h t ,  t h a t  i s ,  as t he  
t h i c k n e s s  of  t he  compacts were i n c r e a s e d  t he  t e m p e r a t u r e  a t  which t he  
peak was o b t a i n e d  was i n c r e a s e d .
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2 ,2 .7 .  I n i t i a l  exam ina t ion  of  the  t h e r m o e le c t r e t  p r o p e r t i e s  of 
Elcema 6250.
The i n i t i a l  t h e r m o e l e c t r e t  p r o p e r t i e s  of  Elcema G250 were  
examined us i ng  both a i r  gap e l e c t r o d e s  and c o n t a c t  e l e c t r o d e s  d ur i ng  
TSDC.
TSDC of  Elcema G250 compacts produced v e r y  d i f f e r e n t  r e s u l t s  f o r  
t he  two t yp e s  of  e l e c t r o d e  a r r a n g e me n t .  The c o n t a c t  e l e c t r o d e s  
( F i g u r e s  2 . 3 2 ,  2 . 3 3 )  produced a massi ve  p o s i t i v e  d i s p l a c e m e n t  which 
remai ned o f f  s c a l e  f o r  a c o n s i d e r a b l e  p e r i o d  of  t i m e .  TSDC of  Elcema  
G250 compacts t h a t  had been p r e v i o u s l y  d r i e d  produced v e r y  f l a t  
t r a c e s  w i t h  c o n t a c t  e l e c t r o d e s  ( F i g u r e  2 . 3 4 ) ,  a smal l  p o s i t i v e  
d i s p l a c e me n t  a p p e a r i n g  o n l y  a t  t h e  ext r eme upper  end of  t he  
t e m p e r a t u r e  r ange  used.
TSDC of  unprocessed Elcema G250 us i ng a i r  gap e l e c t r o d e s  ( F i g u r e  
2 . 3 5 )  produced a v e r y  f l a t  t r a c e  i n d i c a t i n g  t h e  p r esence  of  l i t t l e  or  
no d i s c h a r g e  c u r r e n t .
A i r  gap TSDC of  charged Elcema G250 t h e r m o e l e c t r e t s  t h a t  had 
been repowdered usi ng a g l a s s  p e s t l e  and mor t a r  produced a r e l a t i v e l y  
f l a t  t r a c e  i n d i c a t i n g  l i t t l e  or no d i s c h a r g e  c u r r e n t  ( F i g u r e  2 . 3 6 ) .
Elcema G250 t h e r m o e l e c t r e t s  were charged us i ng  e i t h e r  a p o s i t i v e  
or a n e g a t i v e  p o t e n t i a l  a p p l i e d  t o  t he  upper  e l e c t r o d e  w h i l s t  t he  
l ower  e l e c t r o d e  was e a r t h e d .  A i r  gap TSDC of  t h e  t h e r m o e l e c t r e t s  
f or med,  us i ng t he  n e g a t i v e  p o t e n t i a l ,  were found t o  have r e v e r s e d  
p r o f i l e s  ( F i g u r e  2 . 3 7 )  when compared t o  t h e r m o e l e c t r e t s  formed us i ng  
t he  p o s i t i v e  p o t e n t i a l  ( F i g u r e  2 . 3 8 ) .
T h e m o e l e c t r e t s  formed f rom Elcema G250 us i ng  e i t h e r  a p o s i t i v e  
or a n e g a t i v e  a p p l i e d  p o t e n t i a l  as above were produced and then  
s t o r e d  under  ambi ent  c o n d i t i o n s ,  wrapped i n  a l umi n i um f o i l ,  f o r  
a p p r o x i m a t e l y  15 hour s .  TSDC of  t he s e  t h e r m o e l e c t r e t s ,  us i ng  a i r  gap 
e l e c t r o d e s ,  aga i n  showed t h a t  peaks o b t a i n e d  us i ng  a n e g a t i v e  f or mi ng  
p o t e n t i a l  ( F i g u r e  2 . 3 9 )  were o p p o s i t e  t o  t hos e  o b t a i n e d  us i ng a 
p o s i t i v e  f o r mi n g  p o t e n t i a l ( F i g u r e  2 . 4 0 ) .  A f u r t h e r  e f f e c t  observed  
was t h a t  t he  t r a c e s  o b t a i n e d  a f t e r  s t o r a g e  showed o n l y  a s i n g l e  peak 
r a t h e r  than a peak i n  both p o s i t i v e  and n e g a t i v e  r e g i o n s  as had 
p r e v i o u s l y  been o b t a i n e d .
TSDC was per f or med on t h e r m o e l e c t r e t s  t h a t  had been exposed t o  
ambi ent  a t mo s p h e r i c  c o n d i t i o n s  f o r  a minimum of 20 hour s .  The t r a c e  
o b t a i n e d  f o r  t he  t h e r m o e l e c t r e t  (exposed 20 hour s)  examined usi ng
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c o n t a c t  e l e c t r o d e s  ( F i g u r e  2 . 4 1 )  produced a massi ve  p o s i t i v e  
d i s p l a c e me n t  s i m i l a r  t o  t h a t  o b t a i n e d  usi ng unprocessed Elcema G250 
( F i g u r e s  2 . 3 2 ,  2 . 3 3 ) .  The t r a c e  o b t a i n e d  -for t h e  t he r moe l  e c t r e t  
(exposed 3 0 - 4 0  hours)  examined us i ng  a i r  gap e l e c t r o d e s  ( F i g u r e  2 . 4 2 )  
was v e r y  f l a t  i n d i c a t i n g  ve r y  l i t t l e  or no d i s c h a r g e  c u r r e n t .
2 .2 . 8 .  TSDC c f  Elcema 6250 t h e r m o e l e c t r e t s  s to re d  in  a low 
h u m id i t y  env i ronment .
T h e r m o e l e c t r e t s  made f rom Elcema 6250 were s t o r e d  wrapped in  
al umi n i um f o i l  i n  one of  two low h u m i d i t y  e n v i r o n m e n t s .  Samples were  
s t o r e d  f o r  known i n t e r v a l s  and t hen examined us i ng TSDC w i t h  c o n t a c t  
e l e c t r o d e s .  T h i s  method was chosen because i t  produced d i s c h a r g e  
peaks t h a t  were l e s s  l i k e l y  t o  be a f f e c t e d  by t he  t h i c k n e s s  of  t h e  
t h e r m o e l e c t r e t  be i ng exami ned.  F u r t h e r m o r e ,  t h e  emergence of  a 
t a i l i n g  peak coul d  be used t o  assess t he  e x t e n t  t o  which m o i s t u r e  
a d s o r p t i o n  had o c c u r r e d .
The f i r s t  low h u m i d i t y  e nv i r onme nt  was p r o v i d e d  by d r y i n g  a i r  
wi t h  phosphorous p e n t o x i d e  i n  a d e s i c c a t o r .  Samples exposed t o  t h i s  
env i r onment  were examined a f t e r  1,  25 ,  72,  114,  408 ,  499 ,  5 03 ,  576 ,
957 and 1370 hours  ( F i g u r e s  2 . 4 3 - 2 . 5 2 ) .  The magni tude  and p o s i t i o n  
of  t he  two peaks f o r  t he s e  t h e r m o e l e c t r e t s  a r e  g i v en  i n  T ab l e  2 . 5 .  
The TSDC t r a c e s  showed t h a t  t h e r e  was a s low d e c l i n e  in t h e  s i z e  of  
t he  d i s c h a r g e  c u r r e n t  w i t h  t i m e .  T h i s  o b s e r v a t i o n  i m p l i e s  t h a t  t he
amount of  char ge  s t o r e d  by t h e  t h e r m o e l e c t r e t  decr eased  w i t h  t i m e .  
No a t t e m p t  was made d u r i n g  s t o r a g e  t o  i n d i c a t e  t h e  o r i e n t a t i o n  in
which t h e  t h e r m o e l e c t r e t s  were c ha r ged .  Co ns e que nt l y  i t  was p o s s i b l e
f o r  t he  TSDC t r a c e s  o b t a i n e d  t o  have e i t h e r  p o s i t i v e  or n e g a t i v e
f i r s t  peaks w i t h  t he  second peak be i ng  o p p o s i t e  t o  t h a t  of  t he  f i r s t .  
A f u r t h e r  p o i n t  t o  not e  i s  t h a t  t h e  t a i l i n g  peak i s  a l s o  o r i e n t a t i o n  
s e n s i t i v e .  T h i s  e f f e c t  i s  c o n t r a r y  t o  t h a t  expec t ed  f rom 
o b s e r v a t i o n s  of  t h e  uncharged m a t e r i a l .
The second low h u m i d i t y  e nv i r onme nt  was p r o v i d e d  by s t o r a g e  over  
s i l i c a  gel  i n  a vacuum. Samples exposed t o  t h i s  env i r onme nt  were  
examined a f t e r  0 ,  70 ,  107,  214 and 663 hours ( F i g u r e s  2 . 5 3 - 2 . 5 7 ) .
The magni tude  and p o s i t i o n  of  t he  two peaks o b t a i n e d  a r e  g i ven  i n  
T ab l e  2 . 5 .  The TSDC t r a c e s  o b t a i n e d  aga i n  showed t h a t  t h e  magni tude  
of  t he  peaks decr eased  w i t h  t i m e ,  however ,  t h e  appear ance  of  a 
t a i l i n g  peak ,  presumed t o  be due t o  t h e  a d s o r p t i o n  of  m o i s t u r e ,  was 
more pronounced than t h a t  o b t a i n e d  f o r  t h e r m o e l e c t r e t s  s t o r e d  over
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phosphorous p e n t o x i d e .
2 .2 .9 .  TSDC of  Elcema 6250 s to re d  in  an envi ronment of 55X 
r e l a t i v e  h u m id i t y .
T h e r m o e l e c t r e t s  of  Elcema G250 were s t o r e d  exposed t o  a r e l a t i v e  
h u m i d i t y  of  557. a t  a t e m p e r a t u r e  of  30°C.  Samples were removed at  
known i n t e r v a l s  and TSDC per f or med us i ng c o n t a c t  e l e c t r o d e s .  The 
f i r s t  sample examined a f t e r  s t o r a g e  f o r  2 hours  30 mi nut es  ( F i g u r e  
2 . 5 8 )  showed t h a t  t he  s t o r e d  char ge  had been c o m p l e t e l y  removed,  t he  
t r a c e  o b t a i n e d  bei ng s i m i l a r  t o  t h a t  of  t he  o r i g i n a l  m a t e r i a l .
2 .3 .  D iscuss ion .
2 .3 . 1 .  F l u c t u a t i o n s  in  the  a p p l ie d  e l e c t r i c  f i e l d  d u r ing  ch a rg in g .
When compacts of  A v i c e l  PH102 were f i r s t  used t o  produce
t h e r m o e l e c t r e t s ,  t he  p r o ce d u r e  f o l l o w e d  was e x a c t l y  t he  same as t h a t  
used f o r  carnauba wax,  a p a r t  f rom t he  h i g h e r  t e m p e r a t u r e  employed.  
Dur i ng t he  e a r l y  s t a g e  of  t he  c h a r g i n g  p r o c e d u r e ,  as t he  sample was 
bei ng hea t ed  up,  i t  was noted t h a t  t h e  a p p l i e d  e l e c t r i c  p o t e n t i a l  was 
reduced s i g n i f i c a n t l y .  When t he  oven,  and hence t h e  sample bei ng  
char ged ,  r eached t he  maximum o p e r a t i n g  t e m p e r a t u r e  t he  reduced  
e l e c t r i c  p o t e n t i a l  g r a d u a l l y  i n c r e a s e d  u n t i l  i t  was s l i g h t l y  g r e a t e r  
than t he  o r i g i n a l  s t a r t i n g  e l e c t r i c  p o t e n t i a l .  T h i s  i s  t he  e f f e c t  
demonst r a t ed  i n F i g u r e s  2 . 1 0  and 2 . 1 3 .  I f  t he  A v i c e l  PH102 compact  
was d r i e d  b e f o r e  use,  by exposi ng  i t  t o  a t e m p e r a t u r e  of  120°C f o r  
s e v e r a l  h o u r s ,  t he  above e f f e c t  d i s a p p e a r e d  ( F i g u r e  2 . 1 1 ) .  In
a d d i t i o n ,  t h e  minimum v a l u e  a t t a i n e d  by t he  e l e c t r i c  p o t e n t i a l  was 
found t o  occur  when t h e  t e m p e r a t u r e  of  t he  sample i n  t h e  c e l l  was i n
t he  a p p r o x i ma t e  r ange of 9 0 #C t o  100°C.
The r e d u c t i o n  i n  t he  a p p l i e d  p o t e n t i a l  d u r i n g  t h e  h e a t i n g  p e r i o d  
i s  due t o  a number of  e l e c t r i c a l  and p h y s i c a l  e f f e c t s  caused by t he  
r e l e a s e  of  adsorbed w a t e r .  In c e l l u l o s e  based m a t e r i a l s  t h e  
d e s o r p t i o n  of  p h y s i c a l l y  bound wa t e r  can occur  up t o  150°C ( 21 1 ,  212)  
and i s  t h e r e f o r e  c e r t a i n  t o  occur  d u r i n g  t h e  h e a t i n g  up p e r i o d  
e x p e r i e n c e d  d u r i n g  t h e  p r o d u c t i o n  of  a t h e r m o e l e c t r e t .  The most  
common e f f e c t s  l i k e l y  t o  occur  due t o  t h e  r e l e a s e  of  bound wa t e r  a r e  
c o n d e ns a t i o n  and c o n s e q u e n t l y  d r o p l e t  c h a r g i n g ,  changes i n  t he  
c o n d u c t i v i t y  of  t h e  c e l l u l o s e  s u b s t r a t e  due t o  t h e  p r esence  of  
unbound m o i s t u r e  and an i n c r e a s e  i n t he  number of  wa t e r  mo l e cu l e s  in  
t he  atmosphere  i n s i d e  t he  c e l l .
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The pr esence  of  f r e e  m o i s t u r e  i n  t he  a t mospher e ,  on t h e  s u r f a c e  
of t he  c e l l u l o s e  m a t r i x  and on i n t e r n a l  s u r f a c e s  of  t h e  d i s c h a r g e  
c e l l  would p r o v i d e  t he  pa t hs  nec e s s a r y  f o r  c on d u c t i o n  t hr ough t he  
c e l l .  Th i s  c onduc t i on  would r educe  t he  maximum p o t e n t i a l  a t t a i n a b l e  
as obser ved .  The s u s t a i n e d  h e a t i n g  would c e r t a i n l y  be s u f f i c i e n t  t o  
v a p o u r i s e  any f r e e  or bound m o i s t u r e  p r e s e n t  i n  t he  c e l l  which would 
then l eak  out  of  t he  c e l l .  I f  a p p l i e d  f o r  a s u f f i c i e n t l y  long p e r i o d  
most of t he  f r e e d  wat er  p r e s e n t  in t he  c e l l  would escape t h e r b y  
removing t h e  mechanisms f o r  c u r r e n t  f l o w  t hr ough t he  c e l l .  
E v e n t u a l l y ,  when e q u i l i b r i u m  i s  r e a c h e d ,  t he  l e a k a g e  c u r r e n t  w i l l  be 
reduced t o  a minimum because most of  t he  a v a i l a b l e  wa t e r  mo l ecu l es  
w i l l  have l e f t  t he  c h a r g i n g  c e l l .  T h i s  cor r esponds  t o  a r e c o v e r y  i n  
t he  maximum a p p l i e d  e l e c t r i c  p o t e n t i a l  as o b se r ve d .  I t  shoul d be 
noted t h a t  a smal l  l e a k a g e  c u r r e n t  w i l l  p e r s i s t  even when e q u i l i b r i u m  
i s  reached due t o  t he  pr esence  of  v e r y  low l e v e l s  of  a tmosphei c  
m o i s t u r e  r a ma i n i n g  i n t he  c e l l  and a l s o  due t o  i o n i c  c onduct i on  
w i t h i n  t he  c e l l u l o s e  m a t r i x  i t s e l f  ( 2 1 4 ) .
2 .3 .2  I n i t i a l  t e s t i n g  of  TSDC appara tus .
TSDC i n v o l v e s  t h e  measurement  of  e l e c t r i c a l  c u r r e n t s  t h a t  a r e
— 9t y p i c a l l y  l e s s  than 1x10 7 amps. When measur i ng e l e c t r i c a l  c u r r e n t s  
of  t h i s ,  or l o w e r ,  magni tude  i t  i s  n ec es s ar y  t o  t a k e  s t e p s  t o  ensure  
t h a t  t he  a p p a r a t u s  i s  e f f e c t i v e l y  scr eened f rom changes i n  e x t e r n a l  
e l e c t r i c  f i e l d s .  F u r t h e r m o r e ,  any j u n c t i o n s  i n  t h e  measur i ng c i r c u i t  
t h a t  a r e  hea t ed  ( i e  t h e  c o n n e c t i o n s  t o  t he  br ass  e l e c t r o d e s  of  t he  
d i s c h a r g e  c e l l )  shoul d not  a c t  as t he r moc oup l e s  as a r e s u t  of  t he  
Seebeck e f f e c t  ( 7 5 ) .  I t  was f o r  t he s e  r easons  t h a t  a v e r y  low 
impedance c a b l e  was used,  t h e  s h i e l d i n g  of  t he  c a b l e s  connect ed t o  
e a r t h  and t he  c a b l e s  secur ed t o  reduce  e l e c t r o s t a t i c  c h a r g i n g  due t o  
f r i c t i o n  i n s i d e  t he  c a b l e .
TSDC of  t he  empty d i s c h a r g e  c e l l  ( F i g u r e  2 . 1 5 )  showed t h a t  t he  
p r e c a u t i o n s  t h a t  had been t ak en  were s u f f i c i e n t  t o  produce a f l a t  
response f rom t h e  a p p a r a t u s  used.  A low l e v e l  of  n o i s e  was p r e s e n t  
on t he  s i g n a l  which was due e i t h e r  t o  t h e  a l t e r n a t i n g  c u r r e n t  i n  t he  
h e a t i n g  c o i l s  of  t he  oven or due t o  v i b r a t i o n  caused by t h e  a i r  
c i r c u l a t i n g  f an  of  t he  chr omat ogr aph oven.  The r esponse  of  t he  c h a r t  
r e c o r d e r  t o  t h e s e  sour ces  of  e l e c t r i c a l  n o i s e  was e v i d e n t  as a ver y  
smal l  amount of  pen v i b r a t i o n .  For t h e  sake of  c l a r i t y ,  t h i s  no i s e  
i s  not  r epr oduced i n t he  TSDC t r a c e s  shown.
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A more s ev er e  source  of n o i s e  on t he  TSDC s i g n a l  was v i b r a t i o n  
of t he  oven due t o  an i n c o r r e c t l y  b a l anced  a i r  c i r c u l a t i n g  f a n .  
V i b r a t i o n  of  t he  oven caused both t h e  e l e c t r o d e s  and t he  c on n e c t i n g
c ab l e s  t o  v i b r a t e  w i t h  a c o r r e s p o n d i n g  i n c r e a s e  i n  s i g n a l  n o i s e .
Thi s  probl em was r e s o l v e d  by r e p l a c i n g  t he  f an  r o t o r  w i t h  one t h a t  
caused l e s s  v i b r a t i o n .
The f l a t n e s s  c f  t h e  TSDC r esponse  measured w i t h  a f u l l  s c a l e
d e f l e c t i o n  of  1x10“ * *  amps ( F i g u r e  2 . 1 5 )  showed t h a t  t he  a pp a r a t u s
assembled was a c c e p t a b l e .  The use of  a PTFE d i s c  was des i gned t o  
t e s t  t he  d i s c h a r g e  c e l l  f o r  any t h e r m o e l e c t r i c  response  when t he  
c o n t a c t s  w i t h  t he  e l e c t r o d e s  of  t he  discharge c e l l  were asymmet r i c .  
The pr esence  of  t h e  PTFE sample i n c o n t a c t  w i t h  o n l y  one of  t he  
e l e c t r o d e s  ( F i g u r e  2 . 1 6 )  and t hen  i n c o n t a c t  w i t h  both e l e c t r o d e s  
( F i g u r e  2 . 1 7 )  showed t h a t  t he  t h e  presence  of  an i n s u l a t o r  d i d  not  
change t h e  response  of  t he  d i s c h a r g e  c e l l .  The TSDC t r a c e s  o b t a i n e d  
usi ng b l ank  carnauba wax samples ( F i g u r e s  2 . 1 8 ,  2 . 1 9 )  were s i m i l a r  t o  
t hose  obted l ed f o r  t h e  PTFE d i s c .
The main d i f f e r e n c e  between car nauba  wax and t h e  empty d i s c h a r g e
t  lAs’irva " r 3<M> £ W q\ iv3 )
c e l l  and d i s c h a r g e  c e l l  w i t h  PTFE blankj^was t h a t  a v e r y  s l i g h t  degree
for CAf r\<tufc>A. oa-V
of c u r v a t u r e  was noted i n  t he  TSDC t r a c e / .  F u r t h e r mo r e  a v e r y  r a p i d  
r i s e  in t h e  d i s c h a r g e  c u r r e n t  a t  t h e  upper  end of  t he  t e m p e r a t u r e  
range used was noted in t he  case of  c o n t a c t  e l e c t r o d e  TSDC. I t  was 
assumed t h a t  t h i s  e f f e c t  was due t o  t he  r e l e a s e  of  wa t e r  f rom t he  wax 
m a t r i x  or s u r f a c e  m e l t i n g ,  however ,  t he s e  hypot heses  were not  t e s t e d .
TSDC of  car nauba  wax t h e r m o e l e c t r e t s  produced t he  c l a s s i c a l  
r esponse .  The a b i l i t y  t o  compare t he  TSDC b e h a v i o u r  of  carnauba wax 
i n  t he  TSDC a p p a r a t u s  used her e  w i t h  t h a t  r e p o r t e d  by o t h e r  workers  
( 1 5 6 - 1 6 6 )  was t h e  main reason f o r  us i ng  t h i s  m a t e r i a l .  Th i s  
compar i son was s u c c e s s f u l  as i t  showed t h a t  t h e  a p p a r a t u s  assembled  
f o r  p e r f o r m i n g  TSDC on t h e r m o e l e c t r e t s  was f u n c t i o n i n g  as r e q u i r e d .
2 .3 . 3 .  The t h e r m o e le c t r e t  response of  A v i c e l  PH102.
The use of  powdered and compressed A v i c e l  PH102 was an a t t e m p t  
t o  d i s c o v e r  i f  t he  t h e r m o e l e c t r e t  char ge  induced was due t o  t he  
a l i g n me n t  of  d i p o l e s ,  t he  i n t r o d u c t i o n  of  a space char ge  or  bot h .  
Samples of  A v i c e l  PH102 t h a t  had been compr essed,  charged and then  
examined us i ng TSDC ( F i g u r e s  2 . 2 6 ,  2 . 2 8 - 2 . 3 1 )  showed t h a t  i t  was
p o s s i b l e  t o  form t h e r m o e l e c t r e t s  and measure t h e  d i s c h a r g e  c u r r e n t .
The assumpt i on was made t h a t  i f  t he  t h e r m o e l e c t r e t  charge  was
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v due to  the presence of o r i e n te d  d i p o le s  then d i s r u p t i o n  of  the  powder 
V  bed would produce a random a l ignm en t  of  the i n d i v i d u a l  p a r t i c l e s .  
> TSDC of such a sample would then show no ev idence of  a peak because 
■ -'.-jUthe d ip o le s  would no lo nge r  be a l i g n e d  i n  a u n i fo rm  manner. I f  
v - ‘ however the  TSDC peak was due to  the  presence of  a t rapped space
f V fJvc h a r9B d i s r u p t i o n  of  the  powder bed would not  a f f e c t  the  peak as
•« y;>v^
. f l ^ i t s  appearance would not  be dependant  on the  o r i e n t a t i o n  of  the  
p a r t i  c le s  in  the  powder bed.
A i r  gap TSDC of  unprocessed A v ic e l  PH102 showed t h a t  the  
.i ; ■. di scharge c u r r e n t  was n e g l i g i b l e  as expected ( ( F ig u r e  2 .2 1 ) .  When 
the A v ice l  PH102 was d r i e d  and TSDC performed on the  d r ie d  sample
■ w i th o u t  the  powder bed being d i s t u r b e d  a smal l  peak around 50°C to  
■-y^60°C appeared (F ig u re  2 .2 2 ) .  Th is  e f f e c t  was a ls o  observed f o r
: charged samples where TSDC was per formed w i t h o u t  d i s t u r b i n g  the  
* powder bed ( F ig u re  2 .2 3 ) .  I f  the  powder bed was d i s t u r b e d  a f t e r  
^ c h a r g i n g  the  peak a t  50 #C t o  6 0 #C was not  observed (F ig u re  2 .2 4 ) .  
v:^ . -These o b s e rv a t io n s  i n d i c a t e  t h a t  a component of  the  e l e c t r e t  e f f e c t  
^ ; . ' in  A v ic e l  PH102 was due to  the  presence of  an a l ig n e d  d i p o l e .
| f  A l l  o f  the  above TSDC exper im en ts  were per formed us ing  a i r  gap
e le c t r o d e s  and per formed p r i o r  to  the  s tudy  which showed t h a t  
^ a t m o s p h e r i c  m o is tu re  cou ld  a f f e c t  the  charge s to red  in  a 
^ ^ t h e r m o e l e c t r e t .  For t h i s  reason ,  the  above data  i s  o n l y  meaningfu l  
^,;when used to  demonstra te  t h a t  c e l l u l o s e  based t a b l e t i n g  e x c i p i e n t s
•jf^can form t h e r m o e l e c t r e t s ,  t he reb y  p ro v ing  the  h y p o th e s is  which the
/ ' . ^  '•
. ^ e x p e r i m e n t s  were designed to  t e s t .  I t  i s  a lso  worth n o t i n g  t h a t  
> Va severa l  a u th o rs  have r e p o r te d  peaks in  the  50*C to  60°C tempera tu re  
range f o r  o th e r  types  of  c e l l u l o s e  (142,  143, 144, 148).
' ’ M*-'
*- ' ^ - 2 , 3 . 4 .  Effect  of thermoelectret thickness on the discharge current
■ ;•'// measured during a i r  gap TSDC.
■/C The r e p e a t a b i l i t y  of  a i r  gap TSDC t r a c e s  ob ta in ed  f rom samples
, |lSused im m ed ia te ly  a f t e r  cha rg ing  was poor.  I t  was cons ide red  t h a t  
> $ p t h i s  e f f e c t  may have been due to  d i f f e r e n c e s  in  sample t h i c k n e s s .  
^y^.SThis  h y p o the s is  was i n v e s t i g a t e d  by p roduc ing  t h e r m o e l e c t r e t s  f rom 
i ^ A v i c e l  PH102 compacts w i th  d i f f e r e n t  t h i c k n e s s e s .  The r e s u l t s  
y (F igu res  2 .2 8 -2 .3 1 )  demonstrated t h a t  v a ry in g  the  t h i c k n e s s  of  the
-
{ ^ ' s a m p l e  a f f e c t e d  the  magni tude of  the  d ischa rge  c u r r e n t s  ob ta in ed  i n  a 
^ . p r o p o r t i o n a l  manner (assuming t h a t  the  e l e c t r i c  f i e l d  used t o  charge 
/•<* the t h e r m o e le c t r e t s  was m a in ta ined  a t  a co ns tan t  magn i tude) .  Th is
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r e s u l t  was p ro b a b ly  due to  the  in v e rs e  r e l a t i o n s h i p  between sample 
t h i c k n e s s  and the  d i s ta n c e  o f  the  upper s u r fa c e  of  the  sample f rom 
the  upper e l e c t r o d e  o f  the a i r  gap d isch a rg e  c e l l .
The e l e c t r e t / c o n d u c t o r  system can be cons ide red  t o  be a form of  
.a c a p a c i t o r .  Such a system d i f f e r s  f rom a t r u e  c a p a c i t o r  because the  
. C i r c u i t  i s  'op en '  on the  s id e  of  the  co n d u c to r ,  t h i s  being connected 
to  ground p o t e n t i a l  r a t h e r  than a source of  e . m . f .  such as a b a t t e r y .
The presence of  a f i x e d  charge on the  e l e c t r e t  w i l l  cause a charge of
o p p o s i te  s ign  t o  be induced in  the  e le c t r o d e  of  the  TSDC c e l l .
Consequent ly ,  changes i n  the  charge on the  e l e c t r e t  w i l l  be r e f l e c t e d  
by a change in  the  charge on the  e l e c t r o d e  o f  the  TSDC c e l l ,
l l t h o u g h  the  converse  i s  not  t r u e .  The p o t e n t i a l  d i f f e r e n c e  between 
t h e  e l e c t r e t  and the  e le c t r o d e  of  the  TSDC c e l l  can thus  be seen to
be p a r t i a l l y  dependent  on the  amount of  charge induced on the
e le c t r o d e .
The ca p a c i ta n c e  of  a t r u e  p a r a l l e l  p l a t e  c a p a c i t o r  can be 
d e f in ed  by two e q u a t io n s  (Appendix 1 ) ,
C = Q/V (2 .1 )
C = fA/1  (2 .2 )
C = c a p a c i t a n c e  of  the  c a p a c i t o r .
Q = charge on the  upper s u r fa c e  of  the  e l e c t r e t .
V = p o t e n t i a l  d i f f e r e n c e  between the  p l a t e s  o f  the
capaci  t o r .
c = p ro du c t  of  the r e l a t i v e  p e r m i t t i v i t y  of  the  medium
between the  p la te s  o f  the  c a p a c i t o r  and the  p e r m i t t i v i t y  
of  f r e e  space.
A = c ross  s e c t i o n a l  area of  the  c a p a c i t o r .
1 =* d i s t a n c e  between the  p l a t e s  of  the  c a p a c i t o r .
E l i m i n a t i n g  C f rom equ a t ions  2.1 and 2 .2  g ive s
Q = cAV/1 (2 .3 )
— As the  p o t e n t i a l  d i f f e r n c e  across the  e l e c t r e t / e l e c t r o d e  system
-
. is p a r t i a l l y  dependent  on the  charge induced on the  e l e c t r o d e  i t  can 
be deduced f rom e qu a t i on  2 .3  t h a t  i n c r e a s in g  1 w i l l  decrease both Q 
and V and t h a t  i n c r e a s i n g  dec reas ing  1 w i l l  in c re a se  Q and V.
As the  t o t a l  amount of  charge induced in  the  e le c t r o d e  of  the  
TSDC c e l l  i s  reduced w i th  in c r e a s in g  d i s t a n c e  f rom the  e l e c t r e t  any 
changes in  the  charge on the  e l e c t r e t  w i l l  produce 




hence a s m a l le r  c u r r e n t  f l o w .  Thus, f o r  a g iven  change in  the  charge 
\#n the  e l e c t r e t ,  the  f u r t h e r  away the  e le c t r o d e  i s  f rom the  e l e c t r e t ,
 ^f I.
i h e  s m a l le r  w i l l  be the  c u r r e n t  f l o w  generated by t h a t  change.
- i  Thus, f o r  the  a i r  gap d ischa rg e  c e l l ,  the  d isch a rg e  c u r r e n t  
"measured d u r in g  TSDC w i l l  be i n v e r s e l y  p r o p o r t i o n a l  t o  the  d is ta n c e  
between the  upper s u r fa c e  of  the  t h e r m o e le c t r e t  and the  lower  s u r face  
4 f  the  upper e le c t r o d e  of  the  d ischa rg e  c e l l .  Th is  was the  e f f e c t  
gbserved (F ig u re s  2 .2 8 - 2 . 3 1 ) .
■' ;  .1
2 .3 .6 .  Thermoelectret response of Elcema 6250.
I Elcema 6250 was used because i t s  r e l a t i v e l y  l a r g e  p a r t i c l e  s i z e  
and s p h e ro id a l  shape a l lowed i n d i v i d u a l  o rdered u n i t s  t o  be handled 
*6re e a s i l y  d u r in g  the  i n v e s t i g a t i o n  of  the  e f f e c t  of  the
t h e r m o e le c t r e t  charge on i n t e r p a r t i c l e  adhesion (Chapter 4 ) .  F ig u res
£*32 to  2.34 show the  d i f f e r e n c e  between a i r  gap TSDC and c o n ta c t
TSDC f o r  unprocessed compacts of  Elcema G250. The e x t rem e ly  l a rg e
fl^aks observed in  F igu res  2.32 and 2 .33 were cons ide red  to  be due to
^ e  d e s o r p t i o n  of p h y s i c a l l y  bound w a te r .  However, i t  i s  a lso  
^ s s i b l e  t h a t  the  presence of  h igh  l e v e l s  of  water  vapour a t  e leva te d  
| iSmperatures migh t  c h e m ic a l l y  r e a c t  w i th  the  brass of  the  e le c t r o d e s  
p ro v id e  the  c u r r e n t  d e te c ted .  Th is  h y p o the s is  i s  supported  to  
j|dme e x te n t  by the  o b s e rv a t io n  t h a t  the  i n n e r  s u r fac e s  of  the  
j& fect rodes  were a lways bad ly  d i s c o lo u r e d  a f t e r  us ing  unprocessed 
•jj^ticel PH102 or Elcema 6250 (hence the  reason f o r  r e g u l a r l y  c le a n in g  
e le c t r o d e s  w i t h  D u r a g l i t ) .  Th is  e f f e c t ,  however,  was not  
I n v e s t i g a t e d ,  mere ly  c o n t r o l l e d ,  as most of  the  Elcema 6250
t h e r m o e l e c t r e t s  produced had been s e v e r e l y  d r i e d  due t o  t he  h e a t i n g  
d u r i n g  t he  t h e r m o e l e c t r e t  p r o d u c t i o n  p r o ce ss .
TSDC of  n o n - d r i e d  Elcema S250 us i ng  a i r  gap e l e c t r o d e s  showed 
l i t t l e  or no d i s c h a r g e  c u r r e n t  d u r i n g  TSDC ( F i g u r e  2 . 3 5 ) .  Repowdered  
charged t h e r m o e l e c t r e t s  ( F i g u r e  2 . 3 6 )  a l s o  showed l i t t l e  or no 
d i s c h a r g e  c u r r e n t  when examined by a i r  gap TSDC.
Elcema G250 compacts were charged us i ng upper  e l e c t r o d e s  wi t h  
e i t h e r  p o s i t i v e  or n e g a t i v e  p o t e n t i a l s  r e l a t i v e  t o  e a r t h  p o t e n t i a l .  
When t h e s e  compacts were examined us i ng  a i r  gap TSDC t hose  samples  
charged u s i ng  t he  n e g a t i v e  p o t e n t i a l  were -found t o  have peaks i n  the  
same p l a c e s  but  w i t h  o p p o s i t e  s i gn  t o  t hose  samples charged us i ng  a 
p o s i t i v e  p o t e n t i a l  ( F i g u r e s  2 . 3 7 ,  2 . 3 8 ) .  Th i s  e f f e c t  was m a i n t a i n e d  
a f t e r  s t o r a g e  f o r  a p p r o x i m a t e l y  15 hours  even though t h e  shape of  t he  
t r a c e s  had changed f rom a doubl e  t o  a s i n g l e  peak.
T h e r m o e l e c t r e t s  of  Elcema G250 t h a t  were exposed t o  a t mo s p he r i c  
c o n d i t i o n s  o v e r n i g h t  or l o n g er  c o m p l e t e l y  l o s t  any char ge  s t o r e d  in  
them.  T h i s  was demonst r a t ed  f o r  both c o n t a c t  e l e c t r o d e  TSDC ( F i g u r e  
2 . 4 1 )  and a i r g a p  e l e c t r o d e  TSDC ( F i g u r e  2 . 4 2 ) .  Th i s  o b s e r v a t i o n  
su p p o r t s  t h e  h y p o t h e s i s  t h a t  a t mo s p he r i c  m o i s t u r e  can a f f e c t  t he  
charge  s t o r e d  i n a t h e r m o e l e c t r e t  as d i scussed  above.  The e f f e c t  of  
a t mo s p h e r i c  m o i s t u r e  on c e l l u l o s e  c h a r g i n g  suggest s  t h a t  hydrogen  
bandi ng between t h e  c e l l u l o s e  mo l e cu l e s  may p l a y  some p a r t  i n  t he  
f o r m a t i o n  of  t he  t h e r m o e l e c t r e t  ( 2 1 5 ) .  In a d d i t i o n  t he  dependence of  
t h e  s i gn  of  t h e  TSDC peaks on t he  o r i e n t a t i o n  of  t h e  e l e c t r e t  d u r i n g  
TSDC f u r t h e r  s up p o r t s  t h e  h y p o t h e s i s  t h a t  t h e r e  i s  an a l i g n e d  d i p o l e  
component  a s s o c i a t e d  w i t h  t he  e l e c t r e t  e f f e c t  i n  c e l l u l o s e .
2 . 3 . 7 .  Charge s to rag e  in  Elcema 6250 t h e r m o e le c t r e t s  exposed to
low h u m id i t y  env i ronments .
To t e s t  t h e  h y p o t h e s i s  t h a t  t he  a d s o r p t i o n  of  a t mo s p he r i c  
m o i s t u r e  by t h e  c e l l u l o s e  s u b s t r a t e  of  A v i c e l  PH102 and Elcema G250 
was t h e  cause of  char ge  l o s s ,  t h e r m o e l e c t r e t s  were s t o r e d  in  
atmospher es  v e r y  low i n  h u m i d i t y .  To f u r t h e r  r educe  t h e  r i s k  of  
a c c i d e n t a l  c o n t a m i n a t i o n  by mo i s t u r e  t h e  charged t h e r m o e l e c t r e t s  were  
a l s o  t i g h t l y  wrapped in a l umi n i um f o i l .  Two low h u m i d i t y  
e n v i r o n me n t s  were used,  t he  f i r s t  p r o v i d e d  by a i r  a t  s t a n da r d  
t e m p e r a t u r e  and p r e s s u r e  d r i e d  by phosphorous p e n t o x i d e  and t he  
second c r e a t e d  by e v a c u a t i n g  a d e s i c c a t o r  c o n t a i n i n g  a c t i v a t e d  s i l i c a  
g e l .
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In both cases t he  d u r a t i o n  of  char ge  s t o r a g e  was s i g n i f i c a n t l y  
i n c r e a s e d  ( F i g u r e s  2 . 4 3  -  2 . 5 2  f o r  e l e c t r e t s  s t o r e d  in a i r  d r i e d  by 
phosphorous p e n t o x i d e ,  F i g u r e s  2 . 5 3  -  2 . 5 7  f o r  e l e c t r e t s  s t o r e d  under  
vacuum ) ,  t h e  l o n g e s t  p e r i o d  measured be i ng 1370 hours (approx 57 
days)  f o r  a t h e r m o e l e c t r e t  s t o r e d  i n  a i r  d r i e d  by phosphorous  
p e n t o x i d e  ( F i g u r e  2 . 5 2 ) .
Charge s t o r a g e  d i d  not  remai n c o n s t a n t  t h r o u g h o u t  t he  s t o r a g e  
p e r i o d  but  s l o w l y  d i m i n i s h e d  as demons t r a t ed  by t h e  r e d u c t i o n  i n  t he  
magni tude  of  t he  d i s c h a r g e  peaks observed ( T a b l e  2 . 5 ) .  The r e d u c t i o n  
i n  t h e  s t o r e d  charge  was matched by t he  s l ow emergence of  t he  t a i l i n g  
peak due t o  t he  a d s o r p t i o n  of  a t mo s p he r i c  m o i s t u r e ,  t he  source  of  
which was due t o  p r o b a b l y  l e a k a g e  t hr ough t h e  s ea l  of  t he  d e s i c c a t o r .
The d a t a  o b t a i n e d  f o r  t h e  two dry  a tmospheres  f u r t h e r  s up p o r t s  
t he  h y p o t h e s i s  t h a t  t h e  a d s o r p t i o n  of  a t mo s p h e r i c  m o i s t u r e  caused a 
r e d u c t i o n  i n  t he  s t o r e d  charge  of  t h e r m o e l e c t r e t s  d i r e c t l y  exposed t o  
normal  a t m o s p h e r i c  c o n d i t i o n s .
A f u r t h e r  p o i n t  t o  not e  i s  t h a t  t he  c h a r g i n g  o r i e n t a t i o n  of  t he  
t h e r m o e l e c t r e t s  used f o r  t h e  above a n a l y s e s  were not  d e l i b e r a t e l y  
r e c o r d e d .  TSDC was t h e r e f o r e  c a r r i e d  out  on t h e r m o e l e c t r e t s  t h a t  had 
t h e  same o r i e n t a t i o n  as when charged and a l s o  on some which would 
have been " ups i de  down".  When TSDC was o b t a i n e d  f rom an "ups i de  
down" t h e r m o e l e c t r e t  t he  t r a c e  o b t a i n e d  was i n v e r t e d  ( eg F i g u r e  2 . 4 8  
i n  F i g u r e s  2 . 4 3  t o  2 . 5 2 ) .  F u r t h e r mo r e  t h e  t a i l i n g  peak ,  presumed due 
t o  t he  a d s o r p t i o n  of  a t o s p h e r i c  m o i s t u r e ,  a l s o  shows s i gn  r e v e r s a l .  
T h i s  r e s u l t  i s  unexpected and no a t t e m p t  was made t o  i n v e s t i g a t e  t he  
e f f e c t  i n  d e t a i l .
2 . 3 . 8 .  Charge s to rage  in  Elcema 6250 t h e r m o e le c t r e t s  exposed to  a 
r e l a t i v e  h u m id i t y  of  55%.
The r e l a t i v e  h u m i d i t y  used i n  t h i s  s e r i e s  of  e x p e r i m e n t s  was 
p r o v i d e d  by s t o r a g e  over  a s a t u r a t e d  s o l u t i o n  of  sodium n i t r a t e  a t  
25°C t o  30°C ( 2 1 3 ) .  Samples s t o r e d  i n  t h i s  e nv i r onme nt  were not
wrapped i n  a l umi n i um f o i l  t o  a s s i s t  t he  p e n e t r a t i o n  of  a t mospher i c  
m o i s t u r e  i n t o  t he  body of  t h e  t h e r m o e l e c t r e t s .  The r e s u l t  of  such 
s t o r a g e  was i n v a r i a b l y  a r a p i d  l o s s  i n  t h e  c har ge  s t o r e d  i n  t he  
t h e r m o e l e c t r e t  as shown i n F i g u r e  2 . 5 8  ( s t o r a g e  f o r  2 . 5  h o u r s ) .  
Agai n t h i s  r e s u l t  s u p p o r t s  t h e  h y p o t h e s i s  t h a t  t he  a d s o r p t i o n  of  
a t m o s p h e r i c  m o i s t u r e  can a f f e c t  t h e  char ge  s t o r e d  i n a c e l l u l o s e  
based t h e r m o e l e c t r e t .  The r a p i d  d i s c h a r g e  of  t he  e l e c t r e t  due t o  t he
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pr e se nc e  of  h i gh l e v e l s  of  a t mo s p h e r i c  m o i s t u r e  would seem to  
d e f i n i t e l y  i n d i c a t e  t h a t  t h e  e l e c t r e t  e f f e c t  i n  c e l l u l o s e  i s  
a s s o c i a t e d  w i t h  hydrogen bondi ng w i t h i n  or between t h e  c e l l u l o s e  
m o l e c u l e s .
2 . 3 . 9 .  Mechanisms f o r  charge s to rage  in  c e l l u l o s e  t h e r m o e le c t r e t s  
based on pha rm aceu t i ca l  t a b l e t i n g  e x c i p i e n t s .
The e x p e r i m e n t s  c a r r i e d  out  above were p r i m a r i l y  des i gned t o
d e t e r m i n e  i f  i t  was p o s s i b l e  t o  i nduce  a t h e r m o e l e c t r e t  e f f e c t  in 
A v i c e l  PH102 and Elcema 6 25 0 ,  t o  measure t he  p e r s i s t e n c e  of  t he  
t h e r m o e l e c t r e t  e f f e c t  and t o  examine t he  s u s c e p t i b i l i t y  of  t h e  s t o r e d  
char ge  t o  t he  pr esence  of  a t mo s p he r i c  m o i s t u r e .  These aims produced  
e x p e r i m e n t s  d i f f e r e n t  t o  t hose  which would have been un d er t ak en  i f  i t  
had been t he  mechanisms of  charge  s t o r a g e  t h a t  were be i ng  
i n v e s t i g a t e d .  Th i s  d i s c u s s i o n  i s  t h e r e f o r e  based on t h e  t h e o r e t i c a l  
background f o r  e l e c t r e t s  (Appendi x 1 ) ,  on s t o r a g e  mechanisms r e p o r t e d  
i n  t he  l i t e r a t u r e  and o b s e r v a t i o n s  made on t h e  d a t a  p r e s e n t e d  above.
E l e c t r e t s  can be formed i n  many ways ( 1 3 5 - 1 3 7 ,  139,  141)  however  
t h e  f unda ment a l  p h y s i c a l  n a t u r e  of  an e l e c t r e t  can be d e s c r i b e d  usi ng  
o n l y  two b a s i c  con c ep t s .
1. The a l i g n m e n t  of  d i p o l a r  m o l e c u l e s ,  t h e  e l e c t r i c  f i e l d  thus
g e n e r a t e d  be i ng t h e  summat ion of  t he  char ge  p r e s e n t  on each 
d i p o l e .
2.  The pr esence  of  charge  c a r r i e r s  w i t h  e i t h e r  a p o s i t i v e  or
n e g a t i v e  s i g n ,  t he  e l e c t r i c  f i e l d  g e n e r a t e d  be i ng  due t o  t he  
charge  c a r r i e r  i n  excess .  The i mp o r t an c e  of  t h i s  s t a t e m e n t  i s  
t h a t  both p o s i t i v e  and n e g a t i v e  char ge  c a r r i e r s  can be p r e s e n t  
s i m u l t a n e o u s l y  i n  t h e  body of  t he  e l e c t r e t .
Usi ng t h e s e  two e f f e c t s  i t  i s  p o s s i b l e  t o  c o n s t r u c t  t h r e e  
d i f f e r e n t  b a s i c  c h a r g i n g  p a t t e r n s  ( F i g u r e  2 . 5 9 ) .  E l e c t r e t s  formed  
due t o  t he  a l i g n m e n t  of  m o l e c u l a r  or a tomi c  d i p o l e s  w i l l  a l ways  have
s u r f a c e s  t h a t  e x h i b i t  char ges  o p p o s i t e  t o  t h a t  of  t he  a d j a c e n t  
e l e c t r o d e .  The t e r m ,  d i p o l a r  e l e c t r e t ,  can be used t o  d e s c r i b e  such 
e l e c t r e t s  a l t h o u g h  i t  i s  more c o r r e c t l y  used t o  d e s c r i b e  e l e c t r e t s  
whose f a c e s  have o p p o s i t e  c ha r g e s .
Where t h e  e l e c t r e t  formed i s  a r e s u l t  of  t he  pr esence  of  charge  
c a r r i e r s  t h e  charge  on t h e  s u r f a c e  can e i t h e r  be of  o p p o s i t e  s i gn  t o  
t h e  f o r mi n g  e l e c t r o d e  or t h e  same s i g n .  In t h e  f o r mer  case t h e  
c har ge  c a r r i e r s  a r e  a l r e a d y  p r e s e n t  i n  t he  m a t e r i a l  and a l l  t he
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c h a r g i n g  e l e c t r i c  f i e l d  has done i s  t o  s e p a r a t e  them.  In t h e  l a t t e r  
case t he  c har ge  c a r r i e r s  have been i n j e c t e d  f rom t h e  p o l a r i s i n g  
e l e c t r o d e  and have been c a p t u r e d  by t r a p s  (Appendi x 1 ) .
The t h r e e  p a s s i b l e  t y p e s  of  charge  f o r m a t i o n  above have t hus  f a r  
been d i s c u s s e d  i n  i s o l a t i o n .  In p r a c t i c e ,  however ,  t h e  e l e c t r i c  
f i e l d  of  a t h e r m o e l e c t r e t  may be due t o  t h e  pr esence  of  any 
c o m b i n a t i o n  of  t he  above.
The use of  TSDC t o  measure or  assess  t h e  char ge  s t o r a g e  
mechanism of  an e l e c t r e t  i m p l i e s  t h a t  g i v en  a c e r t a i n  d egr e e  of
t he r ma l  e n e r g y ,  t he  a l i g n e d  d i p o l e s  or t r a p p e d  char ges  w i l l  be f r e e  
t o  move. I t  i s  t h e r e f o r e  p o s s i b l e  t o  e n v i s a g e  an e l e c t r e t  w i t h  
s e v e r a l  d i p o l e  a l i g n m e n t s ,  and hence s e v e r a l  TSDC peaks due t o  t h e  
d i f f e r e n t  a c t i v a t i o n  e n e r g i e s  i n v o l v e d .  Where t he  e n e r g i e s  r e q u i r e d  
t o  ' f r e e '  a l i g n e d  d i p o l e s  a r e  spr ead over  a l a r g e  r ange t h e  r e s u l t i n g  
TSDC peaks may merge pr oduc i ng  a s i n g l e ,  ve r y  broad peak .  T h i s  i s  
p a r t i c u l a r l y  t h e  case where complex o r g a n i c  mo l e cu l e s  such as
pol ymer s  a r e  t h e  host  m a t e r i a l  f o r  t he  e l e c t r e t  char ge  ( 1 7 4 ) .
In o r d e r  t o  d e t e r mi n e  t h e  cause of  t h e  e l e c t r e t  mechanism i n  
A v i c e l  PH102 and Elcema 6250 i t  i s  nec es s ar y  t o  c o n s i d e r  what  happens  
t o  t he  char ge  i nduced on t he  upper  e l e c t r o d e  of  t h e  d i s c h a r g e  c e l l  as 
t he  e l e c t r i c  f i e l d  of  t h e  e l e c t r e t  d i s a p p e a r s  d u r i n g  TSDC. F i g u r e  
2 . 6 0  shows t h e  change i n  t he  char ge  i nduced on t h e  upper  e l e c t r o d e ,  
and c u r r e n t  g e n e r a t e d  as a r e s u l t  of  t h a t  change when a s i n g l e  
c ha r g i n g  s p e c i e s  i s  p r e s e n t .  As can be seen o n l y  a s i n g l e  TSDC peak  
can be o b t a i n e d .  I f ,  however ,  two c h a r g i n g  s p e c i e s  a r e  p r e s e n t  w i t h  
d i f f e r e n t  a c t i v a t i o n  e n e r g i e s  then two p o s s i b i l i t i e s  can o cc u r .  
F i g u r e  2 . 6 1  shows t he  changes i n t he  char ge  induced i n  t h e  e l e c t r o d e  
of t h e  d i s c h a r g e  c e l l  and t he  c u r r e n t  g e n e r a t e d  when t h e  c h a r g i n g  
s p e c i e s  have t h e  same s i gn  and F i g u r e  2 . 6 2  when t h e  char ge  c a r r y i n g  
s p e c i e s  a r e  of  d i f f e r e n t  s i g n .
F i g u r e  2 . 6 1  has two TSDC peaks of  t h e  same s i gn  whereas F i g u r e  
2 . 6 2  has two TSDC peaks of  o p p o s i t e  s i g n .  I t  i s  t he  l a t t e r  case  
which i s  r e p r e s e n t a t i v e  of  t h e  t y p e  of  TSDC t r a c e  o b t a i n e d  f o r  both
A v i c e l  PH102 and Elcema G250 and i t  i s  t h e r e f o r e  assumed t h a t  t h e
e l e c t r e t  mechanism i n  both of  t h e s e  m a t e r i a l s  must be t h e  r e s u l t  of  
t he  pr e se nc e  of  a t  l e a s t  two char ge  c a r r y i n g  s p e c i e s  w i t h  o p p o s i t e  
si  gns.
The two p o s s i b i l i t i e s  t h a t  can be used t o  produce two peaks w i t h  
o p p o s i t e  s i g n s  a r e  f i r s t ,  t h a t  t h e r e  a r e  a l i g n e d  d i p o l e s  and i n j e c t e d
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space char ge  components or second t h a t  t h e r e  a r e  i n j e c t e d  and 
s e p a r a t e d  space charge  components p r e s e n t .  The t h i r d  p o s s i b i l i t y ,  
i n v o l v i n g  t h e  p r esence  of  a d i p o l e  a l i g n m e n t  and s e p a r a t e d  space  
c h a r g e ,  would produce two charge  c a r r y i n g  s p e c i e s  of  t h e  same s i gn  
and can t h e r e f o r e  be d i s c o u n t e d .
C e l l u l o s e  i s  a b i o l o g i c a l  pol ymer  formed f rom (J D- g l u c o s e  
mo l e c u l e s  t h a t  a r e  l i n k e d  t hr ough carbon atoms 1 and 4 ( F i g u r e  2 . 6 3 ) .  
Th i s  p ( l - 4 ) - g l y c o s i d i c  l i n k  between t he  D - g l u c o s e  mol e cu l e s  combined  
w i t h  t h e i r  r i n g  s t r u c t u r e  c o n f e r s  a h i gh degr ee  of  r i g i d i t y  t o  t he  
c e l l u l o s e  p o l ymer .  The hi gh l e v e l  of  hy d r o x y l  groups p r e s e n t  on each 
gl ucos e  u n i t  makes i t  h i g h l y  p r o b a b l e  t h a t  a s i g n i f i c a n t  amount of  
hydrogen bondi ng w i l l  occur  between c e l l u l o s e  m o l e c u l e s .  X r ay  
d i f f r a c t i o n  s t u d i e s  of  c e l l u l o s e  ( 216)  has shown t h a t  t he  mol ecu l es  
a r e  l i n k e d  t hr ough hydrogen bonds w i t h  t he  p r i m a r y  hy d r o x y l  group of  
t h e  -CH2 OH gr oup.
The a b i l i t y  t o  form an e x t e n s i v e  net work  of  hydrogen bonds 
between mo l e c u l e s  p l u s  t h e  r i g i d i t y  of  t he  pol ymer  i t s e l f  means t h a t  
c e l l u l o s e  mo l e cu l e s  can a l i g n  t h e ms e l v e s  i n such a way t h a t  t h e  bul k  
m a t e r i a l  can be c on s i d e r e d  as be i ng  o r d e r e d .  C e l l u l o s e  can in f a c t  
be shown t o  c o n s i s t  of  a m i x t u r e  of  smal l  l o n g i t u d i n a l  m i c e l l e s  ( 217)  
between which t h e r e  i s  a p a r a l l e l  a l i g n m e n t  of  c h a r g e .  The e x i s t e n c e  
of  such m i c e l l e s  a l l o w s  t he  t r a p p i n g  of  a space char ge  w i t h i n  t he  
m i c e l l e  t o  be c o n s i d e r e d  as t he y  may p r o v i d e  t h e  t r a p s  or h o l es  
n e c e s s a r y .
The c o m p l e x i t y  of  t he  c e l l u l o s e  mo l e cu l e  means t h a t  c r y s t a l l i n e  
r e g i o n s  (presumed t o  be a r ea s  w i t h  a l i g n e d  m i c e l l e s )  a r e  r e s t r i c t e d  
i n  scope,  i e  not  c o n t i n u o u s  t h r o u g h o u t  t he  body of  t h e  m a t e r i a l .  
F u r t h e r m o r e ,  t h e  o r i e n t a t i o n  of  t h e  c r y s t a l l i n e  r e g i o n s  and hence t he  
d i p o l e s  on t he  m i c e l l e s  i n v o l v e d  i n t he  i n t e r m o l e c u l a r  bondi ng a r e  
u n l i k e l y  t o  be c o n s i s t e n t  so t h a t  no e l e c t r e t  e f f e c t  i s  seen in t he  
unprocessed m a t e r i a l  even though spont aneous d i p o l e  a l i g n m e n t  e x i s t s .
The c e l l u l o s e  p r e s e n t  i n  A v i c e l  PH102 and Elcema G250 i s  
o b t a i n e d  f rom n a t u r a l  sour ces  and i s  t h e r e f o r e  l i k e l y  t o  be more
c o m p l i c a t e d  t han  t h a t  shown i n  s i m p l e  s t r u c t u r a l  d i agr ams of  t he
m o l e c u l e ,  i e  mo l e cu l e s  of  c e l l u l o s e  cou l d  be c r oss  l i n k e d  t hr ough t he  
p r i m a r y  h y d r o x y l  bonds.  The e x a c t  mechanism of  d i p o l e  a l i g n m e n t  i s  
t h e r e f o r e  e x t r e m e l y  d i f f i c u l t  t o  d e t e r m i n e .  The pr e se nc e  of o t h e r  
m o l e c u l e s ,  s i d e  groups and even c r oss  l i n k i n g  does however  a l l o w  f o r  
t he  p o s s i b i l i t y  of  charge  t r a p p i n g  due t o  d i s c o n t i n u i t i e s  i n  t he
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e l e c t r o n i c  s t r u c t u r e  of  t he  po l ymer .
The r e p o r t e d  d a t a  f o r  c e l l u l o s e  and c e l l u l o s e  d e r i v a t i v e s  
( 1 4 2 - 1 5 0 )  i n d i c a t e  t h a t  TSDC peaks may be o b t a i n e d  f rom around 25°C  
t o  90°C.  T h i s  i s  a consequence of  t h e  v a r i e t y  of  m a t e r i a l s  used and 
not  a pr obl em wi t h  i d e n t i f i c a t i o n  of  t he  TSDC peaks .  One d i f f e r e n c e  
between t h e  d a t a  p r e s e n t e d  above and t h a t  found i n  t he  l i t e r a t u r e  i s  
t h a t  t he  dua l  peaks observed above w i t h  A v i c e l  PH102 and Elcema G250 
a r e  not  r e p o r t e d  e l s e w h e r e ,  w i t h  one e x c e p t i o n  ( 1 4 2 ) ,  where peaks  
were o b t a i n e d  f o r  a r e g e n e r a t e d  c e l l u l o s e  f i l m  a t  around 25°C and 
around 9 0 #C. Even i n t h i s  c a s e ,  however ,  a TSDC t r a c e  of  both peaks  
was not  shown.
The l a c k  of  r e s u l t s  e x a c t l y  l i k e  t hose  o b t a i n e d  above shoul d not  
be c o n s i d e r e d  as an i n d i c a t i o n  t h a t  t h e  t e c h n i q u e s  used were  
i n c o r r e c t .  The t erm TSDC has been used her e  t o  d e s c r i b e  t h e  
t e c h n i q u e  used f o r  q u a n t i f y i n g  char ge  s t o r a g e ,  however ,  a number of  
o t h e r  methods have been r e p o r t e d  which use s i m i l a r  t e r m i n o l o g y  w h i l s t  
bei ng  s i g n i f i c a n t l y  d i f f e r e n t  i n  p r a c t i c e  ( 1 7 4 ) .
In g e n e r a l  TSDC peaks f o r  c e l l u l o s e  and c e l l u l o s e  d e r i v a t i v e s  
have been observed over  a much w i de r  t e m p e r a t u r e  r ange  than employed  
above.  I t  i s  g e n e r a l l y  c o n s i d e r e d  t h a t  a d i p o l e  charge  f o r  t h e  
p r i m a r y  h y d r o x y l  group occur s  around - 7 0 ° C ,  w e l l  below t he  
t e m p e r a t u r e  range  used above ( 1 4 2 ,  144,  1 4 5 ) .  For t he  peaks observed  
w i t h i n  t h e  t e m p e r a t u r e  r ange  used i n t he  p r e s e n t  s t udy  t h e r e  i s  no 
f i r m  concensus of  o p i n i o n  w i t h i n  t he  l i t e r a t u r e  as t o  t he  mechanism.  
I t  i s  t ho u g h t  however t h a t  t h e  peak around 2 5 ° C - 4 0 ° C  may be due t o  
t h e  second o r d e r  phase change ( g l a s s - r u b b e r  t r a n s i t i o n )  a s s o c i a t e d  
w i t h  amorphous c e l l u l o s e  ( 1 4 2 ,  2 1 8 ) .  T h i s  t ype  of  e f f e c t  i s  known t o  
be a sour ce  of  t he  e l e c t r e t  e f f e c t  i n  o t h e r  m a t e r i a l s  ( 1 7 4 ) ,  char ge  
s e p a r a t i o n  o c c u r r i n g  between t h e  d i f f e r e n t  phases p r e s e n t  by v i r t u e  
of t h e  Maxwel 1-Wagner  e f f e c t  (174 p p l 6 5 - 1 7 0 ) .
The TSDC peak a t  t he  h i g h e r  t e m p e r a t u r e  i s  c o n s i d e r e d  t o  be due 
t o  t he  r e l e a s e  of  t h e  t r a p p e d  char ge  i n j e c t e d  f rom t h e  e l e c t r o d e s  
( 1 4 2 ) .  T h i s  o b s e r v a t i o n  cou l d  be e x p l a i n e d  by l o c a t i n g  t he  i n j e c t e d  
char ge  component  of  t h e  e l e c t r e t  i n s i d e  m i c e l l e s  of  c e l l u l o s e  
mo l e c u l e s .  However ,  t h i s  e f f e c t  does r e q u i r e  t he  p r i m a r y  h yd r o x y l  
hydrogen bonds t o  have a s i g n i f i c a n t l y  h i g h e r  r e s i s t a n c e  t o  t he r ma l  
ener gy  as i t  has a l r e a d y  been s t a t e d  t h a t  t h i s  bond becomes f r e e  t o  
r o t a t e  a t  around - 7 0 ° C .  T h i s  may be p o s s i b l e  i f  t h e  pr esence  of  t he  
i n j e c t e d  c ha r g e  s t a b i l i s e s  t he  m i c e l l e  t o  t he  e x t e n t  t h a t  t h e  amount
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of  t he r ma l  energy  r e q u i r e d  t o  br eak  t he  p r i m a r y  h yd r o x y l  hydrogen  
bonds b i n d i n g  t he  c e l l u l o s e  mo l e cu l e s  i n  t h e  m i c e l l e s  becomes g r e a t e r  
t han t h a t  r e q u i r e d  t o  d i s r u p t  hydrogen bonds due t o  t h e  secondar y  
h y d r o x y l  hydrogen bonds.  The p o s s i b i l i t y  of  t h i s  mechanism a c t u a l l y  
o c c u r r i n g  i s  not  known. I f  i t  d i d  occur  i t  would a l l o w  a l i g n e d  
d i p o l e s  due t o  t he  secondar y  h yd r o x y l  hydrogen bonds or char ge  
s e p a r a t e d  due t o  t h e  o r i e n t a t i o n  of  t h e  m i c e l l e s  t o  be r e l e a s e d  
b e f o r e  char ge  he l d  w i t h i n  t he  m i c e l l e .
I f  t he  e l e c t r e t  e f f e c t  i s  not  p a r t l y  due t o  t he  a l i g n m e n t  of  
secondar y  h yd r o x y l  hydrogen bonds,  then i t  may s t i l l  be r e l a t e d  t o  
t h e  b e h a v i o u r  of  n o n - a l i g n e d  hydrogen bondi ng between i n d i v i d u a l
c e l l u l o s e  m o l e c u l e s .  Th i s  hydrogen bondi ng cou l d  cause t h e
s e p a r a t i o n  of  char ge  between d i f f e r e n t  phases in response t o  a
g l a s s - r u b b e r  t r a n s i t i o n  or Maxwel 1 -Wagner  e f f e c t  where char ge
s e p a r a t i o n  occurs  acr oss  a m o r p h o u s - c r y s t a l  1 i n e  phase b o u n d a r i e s .  
Charge s e p a r a t i o n  acr oss  l i q u i d - s o l i d  phase b o u n d a r i e s ,  t h e  
C o s t a - R i b e i r o  e f f e c t  ( 2 1 9 ) ,  a r e  u n l i k e l y  t o  occur  i n  d r i e d  c e l l u l o s e .
In a l l  of  t he s e  cases f r e e  a t mo s p he r i c  m o i s t u r e  would a l most  
c e r t a i n l y  hydrogen bond t o  t h e  hy d r o x y l  groups p r e s e n t  in t he  
D- g l u c o s e  mo l ecu l es  of  t he  c e l l u l o s e  po l ymer .  T h i s  hydrogen bondi ng  
w i l l  compete f o r  s i t e s  w i t h  i n t e r m o l e c u l a r  hydrogen bonds between t h e  
c e l l u l o s e  m o l e c u l e s .  I f  t he  a t mo s p he r i c  wa t e r  mo l e cu l e s  compete
s u c c e s s f u l l y ,  then any a l i g n e d  d i p o l e s  p r oduc i ng  t he  e l e c t r e t  c har ge  
w i l l  be l o s t  or phase b o u nd a r i e s  w i l l  change or d i s a p p e a r .  The 
p r o b a b i l i t y  of  t h i s  o c c u r r i n g  shoul d be r e l a t i v e l y  h i gh as a 
s i g n i f i c a n t  p r o p o r t i o n  of  t he  i n t e r m o l e c u l a r  hydrogen bonds shoul d  be 
s t r a i n e d  t o  some degr ee  so t h a t  t h e i r  r e p l a c e m e n t  by wat er  i s  
e n e r g e t i c a l l y  f a v o u r a b l e .  Such a mechanism would he l p  t o  e x p l a i n  t h e  
ex t r eme  s e n s i t i v i t y  t o  a t mo s p he r i c  m o i s t u r e  observed f o r  t h e  e l e c t r e t  
char ge  i n both A v i c e l  PH102 and Elcema G250.
The TSDC t r a c e s  o b t a i n e d  f o r  A v i c e l  PH102 and Elcema G250 have  
g e n e r a l l y  shown two peaks a l t h o u g h  i n a number of  cases one of  t h e s e  
peaks has been r e l a t i v e l y  s m a l l .  The o n l y  f i r m  e v i d e n c e  f o r  two 
char ge  c a r r y i n g  s p e c i e s  bei ng p r e s e n t  a r e  F i g u r e s  2 . 3 9  and 2 . 4 0 .  
Here o n l y  a s i n g l e  l a r g e  peak was o b t a i n e d  a f t e r  exposur e  t o  
a t mo s p he r i c  c o n d i t i o n s  f o r  a p p r o x i m a t e l y  15 hours w h i l s t  wrapped i n  
a l umi n i um f o i l .  The s i g n i f i c a n c e  of  t he s e  t r a c e s  a r e  t h a t  one of  t h e  
char ge  c a r r y i n g  s p e c i e s  c o n t r i b u t i n g  t o  t h e  e l e c t r e t  e f f e c t  has been 
e l i m i n a t e d  whereas t he  o t h e r  has n o t .
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I f  t h e  assumpt i on i s  made t h a t  t h e  char ge  component  l o s t  i s  t h a t  
due t o  d i p o l e  a l i g n m e n t  t hen t he  mechanism of  a d s o r p t i o n  of  
a t mo s p he r i c  m o i s t u r e  can be used t o  e x p l a i n  t h e  d i s a p p e a r a n c e  of  t he  
e l e c t r e t  c h a r g e .  F u r t h e r m o r e ,  i f  t h e  d i p o l e  a l i g n m e n t  i s  assumed t o  
be due t o  t h e  s y s t e m a t i c  o r i e n t a t i o n  of  hy d r o x y l  groups i t  becomes 
p o s s i b l e  t o  advance an e x p l a n a t i o n  f o r  t he  v e r y  smal l  peak observed  
i n  F i g u r e  2 . 2 2 .
These v e r y  smal l  peaks were on l y  o b t a i n e d  where t he  compressed  
d i s c  or powder bed were hea t ed  and a l l o we d  t o  cool  b e f o r e  TSDC was 
c a r r i e d  out  on t h e  sampl e .  When such a sample was hea t ed i t  would be 
p o s s i b l e  f o r  t he  h yd r o x y l  groups i n v o l v e d  in hydrogen bondi ng t o  have 
been f r e e d .  More i m p o r t a n t l y ,  t h e  hydrogen end of  t h e  h yd r o x y l  group  
would have become f r e e  t o  change i t s  o r i e n t a t i o n  a t  random u n t i l  
cool ed  and f i x e d  i n p o s i t i o n .  I f  d u r i n g  t he s e  random movements t he  
hydrogen atom approached t he  e a r t h e d  e l e c t r o d e  then i t  would 
e x p e r i e n c e  a sma l l  a t t r a c t i o n  t o  t he  e l e c t r o d e  due t o  an i nduced  
image c h a r g e .
W h i l s t  t h i s  a t t r a c t i o n  i s  s m a l l ,  i t  shoul d b i a s  t he  o r i e n t a t i o n  
of  t h e  h y d r o x y l  gr oup.  When s u f f i c i e n t  numbers of  such eve nt s  a r e  
t ak en  i n t o  c o n s i d e r a t i o n  i t  i s  p o s s i b l e  f o r  a number of  such 
a l i g n m e n t s  t o  be f r o z e n  i n when t h e  sampl-e i s  c o o l e d .  The number of  
a l i g n e d  d i p o l e s  would be smal l  but  cou l d  be s u f f i c i e n t  t o  produce an 
e f f e c t  s i m i l a r  t o  t h a t  obser ved i n  F i g u r e  2 . 2 2 .
As s t a t e d  e a r l i e r  no a t t e m p t  was made t o  i n v e s t i g a t e  t he  
mechanism of  c ha r g e  s t o r a g e  i n  t h e r m o e l e c t r e t s  manuf a c t ur ed  f rom 
A v i c e l  PH102 and Elcema 6 250 .  However ,  a wor k i ng h y p o t h e s i s  would be 
t h a t  a d i p o l e  a l i g n m e n t  i n v o l v i n g  t he  h y d r o x y l  groups a v a i l a b l e  on 
t h e  D - g l u c o s e  u n i t s  of  t h e  c e l l u l o s e  i s  r e s p o n s i b l e  f o r  t he  low 
t e m p e r a t u r e  peak .  T h i s  i s  suppor t ed  by t h e  pr esence  of  a 
g l a s s - r u b b e r  phase change observed i n c e l l u l o s e  a t  t h a t  p o i n t  ( 2 1 8 ) .  
The hi gh t e m p e r a t u r e  peak must t h e r e f o r e  be due t o  an i n j e c t e d  space  
char ge  t o  acc ount  f o r  i t s  o p p o s i t e  s i g n .  The h y p o t h e s i s  her e  i s  t h a t  
t h e  char ge  i s  l o c a l i s e d  w i t h i n  c e l l u l o s e  m i c e l l e s  a l t h o u g h  t he  
pr esence  of  f o r e i g n  mo l e cu l e s  or atoms cou l d  p r o v i d e  t he  h o l es  and 
t r a p s  t o  pr oduce  t he s e  c ha r g es .
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Time 
( mi nute  )
App1i ed 
p o t e n t i  al  
( k i l o V o l t  )
Ti  me 
( mi nute  )
Appl i  ed 
p o t e n t i a l  
< k i l o v o l t  )
0 1 0 . 15 3 . 0
1 9 . 2 16 2 . 9
2 8 . 8 17 2 . 8
3 - 18 2 . 8
4 7 . 6 19 2 . 6
5 7 . 0 2 0 2 . 6
6 6 . 3 21 2 . 8
7 5 . 6 2 2 3 . 0
8 - 23 3.  4
9 4 . 4 24 4 . 0
10 4 . 0 25 4 . 9
11 3 . 6 27 6 . 1
12 3 . 4 27 7 . 6
13 - 28 9.  1
14 3 . 1 29 10 . 4
2 . 1 .  Change in t he  a p p l i e d e l e c t r i c  p o t e n t i a l  wi t h  t i me
t he  manuf act ur e  of  a t h e r m o e l e c t r e t usi ng unpro
Avi  cel PH1 0 2 .
Ti  me Appl i  ed Time Appl i ed
p o t e n t i  al p a t e n t  i al
( mi nute  ) < k i l o V o l t  ) ( mi nute ) < k i l o V o l t  )
0 1 0 . 0 19 9 . 8
1 9 . 9 2 0 9 . 8
2 9 . 9 21 9 . 8
3 - 2 2 -
4 9 . 8 5 23 9 . 8
5 9 . 9 24 9 . 8
6 9 . 9 25 -
7 9 . 9 26 9 . 8
8 - 27 9 . 8
9 9 . 9 28 -
10 9 . 9 29 9 . 8
11 9 . 9 30 -
12 9 . 9 31 9 . 8
13 9 . 9 32 -
14 9 . 9 33 9 . 8
15 9 . 9 34 9 . 8
16 - 35 9 . 9
17 9 . 8 5 36 9 . 9
18 9 . 8
Tab l e  2 . 2 .  Change i n t he  a p p l i e d  e l e c t r i c  p o t e n t i a l  wi t h  t i me dur i ng  
the  manuf act ur e  of a t h e r m o e l e c t r e t  usi ng Av i ce l  PH102 
t h a t  had p r e v i o u s l y  been d r i e d  at  120°C f o r  two hours.
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T i me Appl i  ed Oven Sample
p o t e n t i  al t e mp e r a t u r e t e mp e r a t u r e
( mi nut e  ) ( k i l o V o l t  ) ( °C > ( 8C )
0 10 40 2 7 . 6
1 9 . 5 42 2 8 . 6
2 9 . 2 47 3 0 . 0
3 8 . 7 53 3 1 . 7
4 8 . 2 60 3 3 . 7
5 7 . 6 6 8 3 6 . 4
6 7 . 0 75 39.  1
7 6 . 4 83 4 2 . 2
8 5 . 9 90 4 5 . 5
9 5 . 2 97 49.  1
10 4 . 6 98 5 2 . 8
11 4 . 2 i l l 5 6 . 9
12 3 . 8 115 6 0 . 6
13 3 . 5 119 64.  6
14 3 . 3 1 2 2 6 8 . 3
15 3 . 2 124 72.  1
16 3 . 0 127 7 5 . 6
17 3 . 0 129 79.  1
18 3 . 0 129 8 3 . 5
19 3 . 0 129 8 5 . 9
2 0 3 . 0 130 8 9 . 0
21 3 . 2 131 9 1 . 6
2 2 3 . 3 131 9 4 . 3
23 3 . 5 131 9 6 . 9
24 3 . 9 132 9 9 . 5
25 4 . 4 132 101 . 9
26 5 . 0 132 104.  4
27 6 . 1 132 106 . 6
28 7 . 4 132 108 . 9
29 8 . 8 132 110 . 9
30 > 1 0 132 1 1 2 . 1
31 133 114 . 0
32 133 115 . 4
33 133 116 . 5
34 133 117 . 5
35 133 118 . 5
36 134 119 . 5
37 134 120 . 5
38 134 121 . 4
39 134 1 2 2 . 2
40 134 123 . 0
41 134 123 . 8
42 135 124.  4
43 135 125.  1
44 135 125 . 8
45 135 126 . 4
Tabl e  2 . 3 .  Change in t he  a p p l i e d  v o l t a g e ,  oven t e mp e r a t u r e  and
sample t e mp e r a t u r e  wi t h  t i me  t o r  a t h e r m o e l e c t r e t
pr epar ed  usi ng unprocessed A v i c e l  PH102.
Tab l e  c o n t i n u e d  below.
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Tabl e  c on t i nued  f rom above.
Ti  me 
( mi nute  )
Appl i  ed 
p a t e n t  i al  
( k i l o V o l t  )
Oven
t e mp e r a t u r e
( °C )
Sample
t e mp e r a t u r e
( °C )
46 135 127 . 0
47 135 127 . 6
48 135 128 . 0
49 135 128 . 5
50 135 129 . 0
51 135 129 . 5
52 135 129 . 9
Tabl e  2 . 3 .  Change i n t he  a p p l i e d  v o l t a g e ,  oven t e mp e r a t u r e  and
sample t e mp e r a t u r e  wi t h  t i me  f o r  a t h e r m o e l e c t r e t
pr epar ed usi ng unprocessed A v i c e l  PH102.
T i me Oven Sample Time Oven Sample
t emp e r a t u r e t e mp e r a t u r e t e mp e r a t u r e t e mp e r a t u r e
( mi nutes) ( °C ) ( °C ) ( mi nutes) ( °C ) ( °C )
0 . 0 2 8 . 0 18 . 9 5 2 . 5 105 . 5 8 9 . 6
2 . 5 2 7 . 4 2 0 . 1 5 5 . 0 1 1 1 . 0 9 3 . 9
5 . 0 2 6 . 8 2 1 . 3 5 7 . 5 115 . 9 9 9 . 4
7 . 5 2 6 . 5 2 3 . 2 6 0 . 0 1 20 . 7 104 . 3
1 0 . 0 2 6 . 2 2 3 . 2 6 2 . 5 125 . 6 109 . 8
12. 5 2 6 . 8 2 3 . 2 6 5 . 0 131.  1 115 . 2
15. 0 3 0 . 8 2 4 . 4 6 7 . 5 135 . 4 1 2 0 . 1
17 . 5 3 5 . 4 2 6 . 2 7 0 . 0 139 . 6 125 . 0
2 0 . 0 4 0 . 2 2 8 . 7 7 2 . 5 139 . 6 129 . 9
2 2 . 5 4 4 . 5 3 2 . 6 7 5 . 0 1 39 . 6 1 32 . 3
2 5 . 0 5 0 . 0 3 6 . 6 7 7 . 5 139 . 6 134 . 8
2 7 . 5 55.  1 4 1 . 5 8 0 . 0 139 . 6 136 . 0
3 0 . 0 6 0 . 4 4 5 . 7 8 2 . 5 139 . 6 137 . 2
3 2 . 5 6 5 . 2 5 0 . 0 8 5 . 0 139 . 6 138 . 4
3 5 . 0 7 0 . 7 5 4 . 9 8 7 . 5 140 . 2 139 . 0
3 7 . 5 7 5 . 6 5 9 . 8 9 0 . 0 140 . 2 139 . 0
4 0 . 0 8 0 . 5 6 5 . 2 9 2 . 5 140 . 2 139 . 6
4 2 . 5 85.  4 6 9 . 5 9 5 . 0 140 . 2 140 . 2
4 5 . 0 9 0 . 9 74.  4 9 7 . 5 140 . 2 140 . 2
4 7 . 5 9 5 . 7 7 9 . 3 1 0 0 . 0 140 . 2 140 . 2
5 0 . 0 1 0 0 . 6 84.  1
T ab l e  2 . 4 .  Temperature  of  TSDC oven and t he  i n s i d e  of the  empty
d i s c h a r g e  c e l l .  Temperatures  were measured usi ng t he
r e v e r s e  b i ased t her mocoupl es  r e f e r e n c e d  a g a i n s t  an
i c e / w a t e r  ba t h .  The h e a t i n g  r a t e  of t he  oven was 2°C
min_ i  and t he  c h a r t  r e c o r d e r  i n  Y / t  mode. The above dat a  
was compi l ed f rom t he  t r a c e s  o b t a i n e d  ( F i g u r e  2 . 1 4 ) .
96
St orage  
t i  me
( hour )
Condi  t  i ons F i r s t  
peak 




c u r r e n t
( x l 0 ~ ^  amp)
Second
peak




c u r r e n t
( x l O - ^  amp)
1 p2 Q5 / a i  r 5 8 . 4 6 - 3 7 . 7 0 8 6 . 15 35 . 0 8
25 F^Og/ a i  r 60.  0 - 2 4 . 6 0 8 6 . 15 3 2 . 4 7
72 p2 Q5 / a i  r 5 5 . 3 8 - 6 . 3 2 8 1 . 5 4 3 1 . 4 6
114 p2 0 5 / a i  r 56.  15 - 5 . 5 5 8 4 . 6 2 >1 0 . 0
408 P2 O5 / a i  r 5 5 . 3 8 - 4 .  13 7 8 . 4 6 1 0 . 0
499 p2 0 5 / a i  r 5 3 . 0 8 - 7 . 0 2 8 0 . 0 0 >1 0 . 0
503 F^Qg/ a i  r 4 3 . 0 8 - 2 . 3 0 6 9 . 2 3 9 . 5 8
576 P 2 ^5 / a i r 5 6 . 9 2 - 3 . 4 0 8 3 . 0 8 9 . 2 7
957 p2 0 «5 / a i  r 4 9 . 2 3 - 1 . 3 6 7 9 . 2 3 9 . 21
1370 FsQj j /a i  r 5 3 . 0 8 - 0 . 6 3 8 0 . 7 7 1 . 52
0 vacuum 5 6 . 9 2 - 3 3 . 5 1 8 4 . 6 2 17. 80
70 vacuum 49 . 2 3 - 1 . 5 7 7 6 . 9 2 2 2 . 5
107 vacuum - - 7 9 . 2 3 8 . 6 8
214 vacuum - - 76.  15 > 1 0
663 vacuum 57 . 6 9 2 . 9 3 8 0 . 7 7 2 . 0 9
T ab l e  2 . 5 .  Peak d i s c h a r g e  c u r r e n t s  and t he  t e m p e r a t u r e  at  which t hey  
occur r ed  -for Elcema 6250 t hermoel  e c t r e t s  s t o r e d  under  
humid c o n d i t i o n s .  Note t he  f i r s t  peak i s  a lways  
r e p r e s e n t e d  as a n e g a t i v e  v a l u e  even though t he  r e l e v a n t  
f i g u r e  i n d i c a t e s  a p o s i t i v e  c u r r e n t .  Th i s  has been done 
t o  remove any con f u s i o n  due t o  t he  o r i e n t a t i o n  of the  







m m - 1 1 7mm
F ig u r e  2 . 1 .  E le c t r o d e  u s e d  i n  th e  s ta n d a r d  c e l l  f o r  a i r  g ap  
c h a r g in g  a n d  a i r  g ap  TSDC*
^  1 0 mm
34mm
F ig u r e  2 . 2 .  U p p e r  e le c t r o d e  u s e d  i n  th e  s ta n d a r d  c e l l  f o r  




F ig u r e
2mm ^
2mm y
1 0 mm 1 0mm
5 mm




A c c e ss  h o le  f o r  
th e rm o c o u p le
2 .3 *  FTFE s e p a r a t in g  r i n g  u s e d  i n  t h e  s ta n d a r d  c h a r g in g  
c e l l  a n d  s ta n d a r d  d is c h a r g e  (T S D C ) c e l l .
B ra s s
e l e c t r o d e PTFE s e p a r a t in g  
r i n g
S am ple
to  be c h a rg e d
-----------
\
C o rk  s u p p o r t  r i n g
F ig u r e  2 . 4 *  S ta n d a r d  c e l l ,  a s s e m b le d  f o r  a i r  g a p  c h a r g in g ,  
m o u n te d  o n  i n s u l a t i n g  c o r k  r i n g .  When u s e d  f o r  
c o n t a c t  c h a r g in g ,  th e  u p p e r  e l e c t r o d e  i s  r e p la c e d  
w i t h  t h a t  shown i n  F ig u r e  2 . 2 .
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EHT g e n e r a to r
Y , K i l o v o l t s  ( r a n g e  0  -  14 )
A , M ic ro a m p e re s  ( r a n g e  0 - 1 0 0 )
F ig u r e  2 . 5 *  S c h e m a tic  r e p r e s e n t a t i o n  o f  th e  a p p a r a tu s  u s e d  
f o r  p r e p a r in g  t h e r m o e l e c t r e t s .
100
R e v e rs e  ju n c t i o n
H o t
j u n c t i o n
C e l l
G as  c h ro m a to g ra p h y  
o v e n W a te r
T e m p e ra tu re
p ro g ra m m e r
XT r e c o r d e r
E le c t r o m e t e r
© I
F ig u r e  2 . 6 .  S c h e m a tic  r e p r e s e n t a t i o n  o f  th e  a p p a r a tu s  u s e d  to  
m easu re  th e  t h e r m a l ly  s t im u la t e d  d is c h a r g e  c u r r e n t  
(  TSDC )  o f  t h e r m o e l e c t r e t s .
101
U p p e r  p unch
M i ld  s t e e l "jl^nun
n
| M i l d  s t e e l D ie
h j
15mm 50mm 1 5 mm
1 5 mm
M i ld  s t e e l
i
T 2mm
M i l d  e t e e l
Low er punch  w i t h  
r e c e s s  t o  lo c a t e  
d i e *
F ig u r e  2 . 7 *  Punch an d  d i e  a s s e m b ly  u sed  f o r  m a n u fa  c t u r i n g  
c o m p ac ts  fr o m  A v ic e l  FH 102 a n d  K lc e m a  G 2 5 0 *
102
M e t a l
s p a c e r
Low er p u n ch
M e t a l
s p a c e r
F ig u r e  2 . 8 .  S c h e m a tic  r e p r e s e n t a t i o n  o f  th e  m a n u a lly  o p e r a te d  
h y d r a u l ic  p r e s s  u s e d  t o  p r e p a r e  c o m p a c ts  fro m  
A v ic e l  FH 102 and  E lc e m a  G 2 5 0 .
103
Q





A i r  gap 0*\\\
B ra s s
0
_  E l e c t r i c a l  
g ro u n d
I—  B r a s s rn____
E T F E
-™  / / / / /B r a s s
L
  E l e c t r i c a l
g r o u n d
F ig u r e  2 . 9 .  A rra n g e m e n t o f  th e  e le c t r o d e s  f o r  a i r  g ap  c h a r g in g  and  
a i r  g ap  TSDC ( t o p  )  a n d  f o r  c o n t a c t  c h a r g in g  and  
c o n t a c t  TSDC ( b o t t o m ) .
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A p p lie d  p o t e n t i a l  











5 10 15 20 25 50 55
T im e
(  m in u te s  )
F ig u r e  2 , 1 0 .  C hange i n  a p p l ie d  p o t e n t i a l  w i t h  t im e  when c h a r g in g  
a n  A v ic e l  FH 102 co m p a c t p r e p a r e d  fro m  th e  f r e s h  
m a t e r i a l .
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A p p lie d  p o t e n t i a l  












5 10 15 20 25 30 35 40
T im e
(  m in u te s  )
F ig u r e  2 . 1 1 .  C hange i n  a p p l ie d  p o t e n t i a l  w i t h  t im e  when c h a r g in g  
a n  A v ic e l  FH 102 t h a t  h a d  p r e v io u s ly  b e e n  d r ie d  a t  
1 2 0 °C  f o r  tw o  h o u rs *
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T e m p e ra tu re  (°c)
140













5 1 0  15  2 0  25  30  35 4 0  45  5 0  53
T im e  (  m in u te s  )
F ig u r e  2 . 1 2 ,  C o m p a ris o n  o f  o v e n  te m p e r a tu r e  a n d  sam p le  te m p e r a tu r e  
f o r  a n  A v ic e l  H U 0 2  c o m p a c t. T h e  sa m p le  te m p e r a tu r e  
la g s  b e h in d  th e  o v e n  te m p e r a tu r e  by a  s i g n i f i c a n t  a m o u n t.
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A p p lie d  p o t e n t i a l  





8  “ 







— i - - - - - - - - - 1- - - - - - - - - 1- - - - - - - - - 1- - - - - - - - - - 1- - - - - - - - - 1- - - - - - - - - - 1- - - - - - - - - 1- - - - - - - - - - 1- - - - - - - - - 1- - - - - - - - - - 1- - - - - - - - - 1- - - - - - - - - 1- - - - - - - - - - r
1 0  2 0  30 4 0  5 0  6 0  7 0  8 0  9 0  10 0  1 1 0  1 2 0  1 3 0  1 4 0
T e m p e ra tu re  (  °C  )
F ig u r e  2 . 1 3 .  Change i n  th e  a p p l ie d  p o t e n t i a l  w i t h  te m p e r a tu r e  when  
c h a r g in g  an  a v i c e l  H U 0 2  c o m p ac t p r e p a r e d  fro m  th e  
f r e s h  m a t e r i a l .













T im e  ( m in u te s  )
I n t e r n a l  c e l l  
te m p e r a tu r e
O ven te m p e r a tu r e
120 140 
T e m p e ra tu re  (  °C  )
10020 ~ l£o
F ig u r e  2 . 1 4 .  T e m p e ra tu re  i n  th e  g a s  c h ro m a to g ra p h y  o v e n  an d  
i n s i d e  th e  em pty d is c h a r g e  c e l l  (  TSDC ) •  







1608 0 120 2004 0
/ o \
T e m p e ra tu re  (  C ) 
F ig u r e  2 . 1 5 .  A i r  g ap  TSDC o f  an  em pty  d is c h a r g e  c e l l .
4 C u r r e n t
••12




160 2004 0 8 0 120
. o \
T e m p e ra tu re  (  C )  
F ig u r e  2 . 1 6 .  A i r  g a p  TSDC o f  th e  PTFE b la n k .
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Current





160 2001204 0 8 0
T e m p e r a tu r e (  °C  )








2 0 4 0 60 8 0
T e m p e ra tu re  (  °C  )
F ig u r e  2 , 1 8 .  A i r  g ap  TSDC o f  a n  u n c h a rg e d , s a m p le  o f  C a m a u b a  w ax .




6 02 0 4 0 1008 0
T e m p e ra tu re  (  °C  )
F ig u r e  2 . 1 9 .  C o n ta c t  TSDC o f  a n  u n c h a rg e d  s a m p le  o f  C a m a u b a  w a x . ^
C u r r e n t  
(  x lO - 1 2










T e m p e ra tu re  (  C )
“ 1 1 1 1 1
20  4 0  6 0  8 0  1 0 0
• A i r  g a p  TSDC o f  a  C a m a u b a  w ax  th e rm o e l e c t r e t .
U 3
4 C u r r e n t




4 0 8 0 120 1 6 0 200
T e m p e r a tu r e  (  °C  )
F ig u r e  2 . 2 1 .  A i r  gap  TSDC o f  a  s a m p le  o f  u n p r o c e s s e d , A v ic e l  PH102  
p o w d e r.
F ig u r e  2 . 2 2 .  A i r  g ap  TSDC o f  a  s a m p le  o f  d r i e d  A v ic e l  F H 1 0 2 , p o w d e r.
T h e  p ow d er b ed  was p r e s e r v e d  i n t a c t  b e tw e e n  d r y in g  and
TSD C .
*  C u r r e n t
(  x lO " 1 ^ amps )
0
-4
4 0 8 0 120 1 6 0 200
T e m p e r a tu r e  (  °C  )
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4
C u r r e n t




4 0 BO 120 1 6 0
T e m p e ra tu re  (  °C  )
F ig u r e  2 * 2 3 *  A i r  g ap  TSDC o f  a n  e le c t r is e d ,  s a m p le  o f  A v ic e l  FH102
p o w d e r* As i n  F ig u r e  2 . 2 2 ,  th e  p o w d e r b ed  was u n d is tu r b e d  
b e tw e e n  e l e c t r i s i n g  a n d  TSDC.
F ig u r e  2 . 2 4 .  A i r  gap  TSJ3C o f  a n  e l e c t r i s e d  s am p le  o f  A v ic e l  IH 1 0 2  
p o w d e r* I n  t h i s  c a s e  t h e  e l e c t r i s e d  p ow d er bed  was  
th o r o u g h ly  d is t u r b e d  p r i o r  t o  TSDC*
4 C u r r e n t
Ip
(  x lO  amps )
2
0
1 2 04 0 BO 1 6 0 2 0 0
T e m p e ra tu re  (  °C  )
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42  -  
0  -  
- 2  -
- 4  "
F ig u r e
F ig u r e
6  -  
4 *" 
2  -  
0  -  
- 2  -  
- 4  "  
- 6  -  
- 8  -*■
Current
—1 2
(  x lO  amps )
T e m p e ra tu re  (  °C  )
------------------------ !--------------------------- ,---------------------------1-------------------------- i----------------- r
40 80 120 160 200
2 . 2 5 .  A i r  gap  TSDC o f  a  d r i e d  A v ic e l  PH102 c o m p a c t.
2 . 2 6 .  A i r  g ap  TSDC o f  a n  e l e c t r i s e d  A v ic e l  FH102 c o m p a c t.
—1 2C u r r e n t  (  x lO  am ps)
/ o \
T e m p e ra tu re  (  C )
— I----------- 1------------1----------- 1----------- 1




F ig u r e
Current
—1 2(  x lO  amps )
“I
200
2 . 2 7 .  A i r  gap  TSDC o f  a n  e l e c t r i s e d  A v ic e l  FH 102 c o m p a c t. 
The com pact was r e d u c e d  to  p ow der p r i o r  t o  TSDC.
“ i------------------------- 1------------------------- 1-------------------------1----------
4 0  8 0  1 2 0  16 0
/ 0  \
T e m p e ra tu re  ( C ;
117
— 1 2
Current ( xlO amps )2
0
•2
4 0 1 6 08 0 1 2 0
T e m p e ra tu re  (  °C  )
F ig u r e  2 . 2 8 .  A i r  g ap  TSDC o f  an  e l e c t r i s e d  A v ic e l  FH102 c o m p a c t. 
The co m pact was 1.3m m  i n  t h ic k n e s s .
F ig u r e  2 .2 9 *  A i r  g ap  TSDC o f  an  e l e c t r i s e d  A v ic e l  FH 102 c o m p a c t. 
The co m pact was 2 .9 5 mm i n  t h ic k n e s s .
2
“ 1 2C u r r e n t  (  x lO  amps )
0
1 6 04 0 8 0 1 2 0
/  o \
T e m p e ra tu re  (  C )
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.-12




T e m p e ra tu re
4 0 8 0 1 2 0 1 6 0
F ig u r e  2 , 3 0 .  A i r  g a p  TSDC o f  an  e l e c t r i s e d  A v ic e l  FH 102 c o m p a c t. 
T h e  c o m p ac t was 4 * 3 mm i n  t h ic k n e s s .




T e m p e ra tu re  (  °C  )
- 6
1604 0 80 1 2 0
F ig u r e  2 . 3 1 .  A i r  g a p  TSDC o f  an  e l e c t r i s e d  A v ic e l  FH 102 c o m p a c t. 
T he co m p act was 5.8m m t h i c k .
14 -i
1 2  -







F ig u r e
C u r r e n t  (  x lO ”  amps )
C h a r t  r e c o r d e r  
ra n g e  e x c e e d e d
 1 1 1 1 1
4 0  8 0  1 2 0  1 6 0  2 0 0
T e m p e ra tu re  (  °C  )





2 0  -
15 -  
1 0  -
5 -  
0  -
- 5  “ 
- 1 0  J
F ig u r e
F ig u r e
4 -
2  -
0  -  
- 2
C u r r e n t  C h a r t  r e c o r d e r
—1 2
(  x lO  amps ) ra n g e  e x c e e d e d
 1 1 1 1 1
4 0  8 0  1 2 0  1 6 0  200
T e m p e ra tu re  (  °C  )
2 .3 3 *  C o n ta c t  TSDC o f  a n  u n p ro c e s s e d  f ilc e m a  G 250 c o m p a c t. 
2 .3 4 «  C o n ta c t  TSDC o f  a  d r ie d  E lc e m a  G 250 c o m p a c t.
C u r r e n t
(  x ! 0 ~ 11 amps )








4 C u r r e n t
—1 2




4 0 80 1 2 0 1 6 0 2 0 0
T e m p e ra tu re  (  °C  )
F ig u r e  2 . 3 5 -  A i r  g ap  TSDC o f  a n  u n p ro c e s s e d  E lc e m a  G 250 c o m p a c t.
4 C u r r e n t




4 0 8 0 1 6 0 2 0 01 2 0
T e m p e ra tu re   ^ °C  )
F ig u r e  2 . 3 6 .  A i r  gap  TSDC o f  an  e l e c t r i s e d  E lc e m a  G 250 c o m p a c t. 
















C u r r e n t  
—1 2(  x lO  am psji F ig u r e  2 . 3 7 *  A i r  gap  TSDC o f  an e l e c t r i s e d  
E lc e m a  G 250 c o m p a c t. The  
com pact was e l e c t r i s e d  w i t h  
t h e  u p p e r  e le c t r o d e  a t  a  
n e g a t iv e  p o t e n t i a l  and  
t h e  lo w e r  e le c t r o d e  a t  
g ro u n d  p o t e n t i a l *
— , !---------------------- 1-----------------------1---------------------- r
4 0  8 0  1 2 0  16 0  2 0 0
/ o \
T e m p e ra tu re  (  C j
—1 2C u r r e n t   ^ x lO  amps )
F ig u r e  2 . 3 8 .  A i r  g a p  TSD C of an  e l e c t r i s e d  E lc e m a  
G 250 c o m p a c t. The com pact was 
e l e c t r i s e d  w i t h  th e  u p p e r e le c t r o d e  
a t  a p o s i t i v e  p o t e n t i a l  and th e  lo w e r  
e le c t r o d e  a t  g ro u n d  p o t e n t i a l .
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40
H
8 0 120 160 200
1*3
~ 1 2C u r r e n t  ( x lO  amps )
4 0  8 0  1 2 0  1 6 0  200
/ o \T e m p e ra tu re  (  C )
F ig u r e  2 .3 9 *  A i r  g a p  TSDC o f  an  e l e c t r i s e d  E lc e m a  G 250 c o m p a c t* T h e  
co m p act was e l e c t r i s e d  w i t h  th e  u p p e r  e le c t r o d e  a t  
n e g a t iv e  p o t e n t i a l  and  th e  lo w e r  e le c t r o d e  a t  g ro u n d  
p o t e n t i a l .  The e l e c t r i s e d  com pact was th e n  w rap p ed  i n  
a lu m in iu m  f o i l  a n d  s t o r e d  f o r  a p p r o x im a te ly  15 h o u rs  
u n d e r  a m b ie n t a tm o s p h e r ic  c o n d i t io n s .
2 C u r r e n t
(  x l 0 ~ 12  amps )
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F ig u r e  2 . 4 0 .  A i r  g a p  TSDC o f  a n  e l e c t r i s e d  E lc e m a  G 250 c o m p a c t. T he  
c o m p a c t was e l e c t r i s e d  w i t h  th e  u p p e r  e le c t r o d e  a t  
p o s itiv e  p o t e n t i a l  and  th e  lo w e r  e le c t r o d e  a t  g ro u n d  
p o t e n t i a l .  T h e  e l e c t r i s e d  co m p act was th e n  w rapp ed  i n  
a lu m in iu m  f o i l  and  s to r e d  f o r  a p p r o x im a te ly  15 h o u rs  
u n d e r  a m b ie n t a tm o s p h e r ic  c o n d i t io n s *
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T im e  (  m in u te s  )
2 . 4 1 .  C o n ta c t  TSDC o f  an  e l e c t r i s e d  E lc e m a  G 250 c o m p a c t. The  
co m p ac t was e x p o s e d  to  a m b ie n t a tm o s p h e r ic  c o n d i t io n s  
f o r  a p p r o x im a te ly  2 0  h o u r s ,  w i t h o u t  th e  p r o t e c t i o n  o f^  
a lu m in iu m  f o i l ,  p r i o r  t o  TSD C . H e a t in g  r a t e  2 C m in”  .
C u r r e n t
—1 2
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T im e  (  m in u te s  )
2 . 4 2 .  A i r  g ap  TSDC o f  an  e l e c t r i s e d  E lc e m a  G 250 c o m p a c t. The  
co m p act was e x p o s e d  to  a m b ie n t a tm o s p h e r ic  c o n d i t io n s  
f o r  a p p r o x im a te ly  4 0  h o u rs , w i t h o u t  th e  p r o t e c t i o n  o f^  
a lu m in iu m  f o i l ,  p r i o r  to  TSD C . H e a t in g  r a t e  2 C m in  •
4 C u r r e n t
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T e m p e ra tu re  (  °C  )
F ig u r e  2 , 4 3 .  C o n ta c t  TSDC o f  a n  e l e c t r i s e d  E lc e m a  G 250 c o m p a c t. T h e  
co m p a c t was s t o r e d ,  w ra p p e d  i n  a lu m in iu m  f o i l ,  i n  a i r  
d r i e d  b y  p h o s p h o ro u s  p e n to x id e  f o r  1 h o u r  p r i o r  to  TSD C .
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F ig u r e  2 . 4 4 .  C o n ta c t  TSDC o f  an  e l e c t r i s e d  E lc e m a  G 250 c o m p a c t. T h e  
c o m p a c t was s t o r e d ,  w ra p p e d  i n  a lu m in iu m  f o i l ,  i n  a i r  
d r i e d  b y  p h o s p h o ro u s  p e n to x id e  f o r  25 h o u rs  p r i o r  t o  TSD C .
1 2 6
C u r r e n t
 ^ x lO " 11 amps )
o-
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T e m p e ra tu re  (  °C  )
F ig u r e  2 . 4 5 .  C o n ta c t  TSDC o f  an  e l e c t r i s e d  K lcem a G 250 c o m p a c t. T h e  
co m p act was s t o r e d ,  w ra p p e d  i n  a lu m in iu m  f o i l ,  i n  a i r  
d r i e d  by  p h o s p h o ro u s  p e n to x id e  f o r  7 2  h o u rs  20  m in u te s  
p r i o r  t o  TSDC.
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C h a r t  r e c o r d e r
ra n g e  e x c e e d e d
C u r r e n t
—1 2
(  x lO  am p eres  )
F ig u r e  2 . 4 6 ,  C o n ta c t  TSDC o f  an  
e l e c t r i s e d  E lc e m a  G 250 c o m p a c t. 
T h e  co m p act was s t o r e d ,  w rap p ed  
i n  a lu m in iu m  f o i l ,  i n  a i r  d r ie d  
by p h o s p h o ro u s  p e n to x id e  f o r  
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F ig u r e  2 , 4 7 •  C o n ta c t  TSDC o f  an  e l e c t r i s e d  E lc e m a  G 250 c o m p a c t. The  
co m p a c t was s t o r e d ,  w ra p p e d  i n  a l u min iu m  f o i l ,  i n  a i r  
d r i e d  b y  p h o s p h o ro u s  p e n t o x id e  f o r  4 0 8  h o u rs  p r i o r  to  














C u r r e n t  
(  x ! 0 ~  amps ) C h a r t  r e c o r d e r  
ra n g e  e x c e e d e d
F ig u r e  2 , 4 8 .  C o n ta c t  TSDC o f  an  
e l e c t r i s e d  E lc e m a  G2 5 0  c o m p a c t. 
T h e  co m p ac t w as s t o r e d ,  w rapp ed  
i n  a lu m in iu m  f o i l ,  i n  a i r  d r ie d  
b y p h o s p h o ro u s  p e n t o x id e  f o r  
4 9 9  h o u rs  p r i o r  t o  TSD C .
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2 . 4 9 *  C o n ta c t  TSDC o f  an  e l e c t r i s e d  f i lc e m a  G 250 c o m p a c t. T h e  
co m p act was s t o r e d ,  w rap p ed  i n  a lu m in iu m  f o i l ,  i n  a i r  
d r ie d  by p h o s p h o ro u s  p e n to x id e  f o r  5 0 3  h o u rs  p r i o r  t o  
TSD C . The in v e r s i o n  o f  t h i s  t r a c e  co m p ared  t o  F ig u r e s  
2 .4 3  - 2 . 4 8  i s  due t o  t n e  o r i e n t a t i o n  o f  th e  com pact i n  
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F ig u r e  2 * 5 0 .  C o n ta c t  TSDC o f  a  c h a rg e d  E lc e m a  G 250 c o m p a c t. The
co m p act was s t o r e d ,  w ra p p e d  i n  a lu m in iu m  f o i l ,  i n  a i r  
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F ig u r e  2 . 5 1 .  C o n ta c t  TSDC o f  an  e l e c t r i s e d  
E lc e m a  G 250 c o m p a c t. T he  com pact was  
s t o r e d ,  w ra p p e d  i n  a lu m in iu m  f o i l ,  i n  
a i r  d r i e d  by  p h o s p h o ro u s  p e n to x id e  f o r  
95 7  h o u rs  p r i o r  t o  TSDC.
T e m p e ra tu re  ( ° C  )
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F ig u r e  2 . 5 2 .  C o n ta c t  TSDC o f  an  e l e c t r i s e d  E lc e m a  G 250  c o m p a c t. The  
co m p a c t was s t o r e d ,  w rapp ed  i n  a lu m in iu m  f o i l ,  i n  a i r  
d r i e d  b y  p h o sp h o ro u s  p e n to x id e  f o r  1 5 7 0  h o u rs  p r i o r  to  
TSD C ,
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F ig u r e  2 .5 3 *  C o n ta c t  TSDC o f  an  e l e c t r i s e d  E lc e m a  G2 5 O c o m p a c t. T h e  
com pact was s t o r e d ,  w rapp ed  i n  a lu m in iu m  f o i l ,  u n d e r  
a  vacuum  f o r  0  h o u rs  p r i o r  to  TSDC.
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F ig u r e  2 .5 4 *  C o n ta c t  TSDC o f  a n  e l e c t r i s e d  E lc e m a  G 250 c o m p a c t. The
co m pact was s t o r e d ,  w rapp ed  i n  a lu m in iu m  f o i l ,  u n d e r  vacuum  
f o r  7 0  h o u rs  p r i o r  t o  TSDC.
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F ig u r e  2 . 5 5 •  C o n ta c t  TSDC o f  an  e l e c t r i s e d  E lcem a  G 250 c o m p a c t. The  
co m p act was s t o r e d ,  w ra p p e d  i n  a lu m in iu m  f o i l ,  u n d e r  
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C h a r t  r e c o r d e r  
ra n g e  e x c e e d e d
F ig u r e  2 . 5 6 .  C o n ta c t  TSDC o f  an  
E lc e m a  G 250 c o m p a c t. T h e  com pact 
was s t o r e d ,  w ra p p e d  i n  a lu m in iu m  
f o i l ,  u n d e r  vacuum  f o r  2 1 4  h o u rs  
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F ig u r e  2 .5 7 *  C o n ta c t  TSDC o f  an  e l e c t r i s e d  E lc e m a  G 250 c o m p a c t. T h e  
co m p act was s t o r e d ,  w ra p p e d  i n  a lu m in iu m  f o i l ,  u n d e r  
vacuum  f o r  6 6 3  h o u rs  p r i o r  t o  TSD C .
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F ig u r e  2 , 5 8 .  C o n ta c t  TSDC o f  a n  e l e c t r i s e d  E lc e m a  G 250  c o m p a c t. The
c o m p ac t was s t o r e d  a t  55% r e l a t i v e  h u m id i t y  f o r  tw o h o u rs  
t h i r t y  m in u te s  p r i o r  t o  TSDC. U n l ik e  c o m p a c ts  s t o r e d  i n  
lo w  h u m id it y  e n v iro n m e n ts , th e  c o m p a c ts  s t o r e d  a t  55%  
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B e fo r e
c h a r g in g
D u r in g
c h a r g in g
A f t e r
c h a r g in g
F o r m a t io n  o f  a n  e l e c t r e t  d u e  t o  t h e  s e p a r a t io n  o f  c h a rg e  c a r r y in g  
s p e c ie s .
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B e fo r e
c h a r g in g
D u r in g
c h a r g in g
A f t e r
c h a r g in g
F o r m a t io n  o f  a n  e l e c t r e t  by  i n j e c t i o n  o f  a  space c h a r g e .
F ig u r e  2 . 5 9 *  S c h e m a tic  r e p r e s e n t a t i o n  o f  t h e  t h r e e  ty p e s  o f  e l e c t r e t  
t h a t  can  be fo rm e d  due t o  th e  p re s e n c e  o f  d ip o le s  o r  
a  c n a rg e  c a r r y i n g  s p e c ie s .  N o te  t h a t  a l l  t h r e e  ty p e s  
o f  c h a rg e  s to r a g e  m echan ism  c a n  be p r e s e n t  s im u lta n e o u s ly ,
140
C h a rg e  in d u c e d  on th e  
u p p e r  e le c t r o d e  o f  th e  
TSDC c e l l .
D is c h a rg e  c u r r e n t  due  
t o  d e c a y  o f  th e  c h a rg e
T e m p e ra tu re
F ig u r e  2 . 6 0 .  S c n e m & tic  r e p r e s e n t a t i o n  o f  th e  ch ang e  i n  in d u c e d  
c h a rg e  an d  t h e  r e s u l t i n g  d is c h a r g e  c u r r e n t  f o r  an  
e l e c t r e t  w i t h  a  s in g le  c h a r g in g  m ech an ism .
C h a rg e  in d u c e d  on  t h e
u p p e r  e le c t r o d e  o f  th e  
TSDC c e l l .
D is c h a r g e  c u r r e n t  due  
t o  th e  d e c a y  o f  th e  
in d u c e d  c h a r g e .
T e m p e ra tu re
F ig u r e  2 . 6 1 .  S c h e m a tic  r e p r e s e n t a t i o n  o f  th e  ch ang e  i n  in d u c e d  c h a rg e  
an d  th e  r e s u l t i n g  d is c h a r g e  c u r r e n t  f o r  an  e l e c t r e t  w i t h  
tw o  c h a rg e  s t o r a g e  m e c h a n is m s . T h e  p o s s ib le  c o m b in a t io n s  
a r e  d ip o le / c h a r g e  s e p a r a t io n  o r  tw o  d ip o le s  o r  s e p a r a te d  
c h a rg e  c a r r i e r s  w i t h  d i f f e r e n t  a c t i v a t i o n  e n e r g ie s .
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T e m p e ra tu re
F ig u r e  2 , 6 2 ,  S c h e m a tic  r e p r e s e n t a t i o n  o f  th e  change i n  th e  in d u c e d  
c h a rg e  and th e  r e s u l t i n g  d is c n a r g e  c u r r e n t  f o r  an  
e l e c t r e t  w i t h  tw o  c h a rg e  s to r a g e  m ech an ism s* KB 
t h e  p re s e n c e  o f  p o s i t i v e  an d  n e g a t iv e  c h a rg e  in d ic a t e s  
th e  th e  c o m b in a t i  n s  o f  c h a rg e  s to r a g e  m echanism s p o s s ib le  
a r e  e i t h e r  d ip o le /s p a c e  c h a rg e  o r  c h a rg e  s e p a r a t io n /s p a c e  
c h a r g e .
C h a rg e  in d u c e d  on th e  
u p p e r  e le c t r o d e  o f  th e  
TSDC c e l l
D is c h a rg e  c u r r e n t  due t o  
th e  d e c a y  o f  th e  in d u c e d  
c h a r g e .
F ig u r e  2 . 6 3 .  C h e m ic a l s t r u c t u r e  o f  th e  c e l l u lo s e  m o le c u le .
Chapter  3.
3. D e t e r m i na t i o n  of  the d i s t r i b u t i o n  of  adherent  p a r t i c l e s  i n
i s o l a t e d  ordered u n i t s  us i ng  image a n a l y s i s .
Measurement  of  t he  adhesi on f o r c e s  between t he  a d h e r e n t  f i n e  
p a r t i c l e s  and t he  c a r r i e r  s u b s t r a t e  i n  i s o l a t e d  o r der ed  u n i t s  can be 
p er f or med us i ng  p h o t o m i c r o g r a p h i c  methods (96)  but  does s u f f e r  f rom 
s e v e r a l  p r ob l ems  ( 1 0 4 ) .  The most s i g n i f i c a n t  of  t he s e  probl ems i s  
r e l a t e d  t o  t h e  f a c t  t h a t  t he  s u r f a c e  t o  which t he  f i n e  p a r t i c l e s  
a dher e  i s  not  f l a t  so t h a t  wher ever  t he  p l a n e  of  f ocus  f o r  t h e  f i e l d  
of  v i ew i n  t h e  mi cr oscope  i s  p l a c e d ,  some of  t h e  a d h e r e n t  p a r t i c l e s  
w i l l  a l ways  be out  of  f oc u s .  A t t e mpt s  a t  e x t e n d i n g  t he  depth of  
f i e l d  ( 9 6 ,  104)  have o n l y  been p a r t i a l l y  s u c c e s s f u l  because of  t he
consequent  l a c k  of  r e s o l u t i o n  i n  t he  r e s u l t i n g  p h o t o g r a p h i c  image 
( 1 7 5 ,  176,  C h ap t e r  1,  1 . 5  ) .
The use of  s e v e r a l  phot o mi c r o g r ap h s  w i t h  d i f f e r e n t  p l a ne s  of  
f oc u s  t hr ough t h e  p a r t i c l e  has been proposed as one method of  
overcomi ng t he  l i m i t a t i o n s  of  mi croscopy due t o  an i n a d e q u a t e  depth  
of f i e l d  or  r e s o l u t i o n .  Th i s  approach i s ,  however ,  l i k e l y  t o  be 
e x p e n s i v e  i n  t er ms of  p h o t o g r a p h i c  f i l m  and a l s o  prone t o  e r r o r  as 
subsequent  a n a l y s e s  of  t he  p h o t o g r a p h i c  i mages,  t o  d e t e r m i n e  t he  
a d h e r e n t  p a r t i c l e  d i s t r i b u t i o n ,  a r e  l i k e l y  t o  be dependant  on 
e x a m i n a t i o n  by t h e  naked eye ( 9 6 ,  1 0 4 ) .
The t e c h n i q u e  of  c o l l e c t i n g  a sequence of  images a t  d i f f e r e n t  
p l a n e s  of  f oc us  can be used w i t h  r e l a t i v e  ease and p r e c i s o n  by 
empl oy i ng  an image a n a l y s e r  t o  r e c o r d  t h e  images i n  p l a c e  of  a 
p h o t o g r a p h i c  medium. S i m i l a r  methods to t h i s  have a l r e a d y  been used 
t o  d e t e r m i n e  t he  t h r e e  d i me n s i o n a l  s t r u c t u r e  of  neurones  f rom 
s u c c e s s i v e  t i s s u e  s e c t i o n s  ( 1 9 4 ,  1 9 5 ) .
A method has been d e v e l o p e d ,  us i ng a low c a s t  mi c r ocomput er  and 
v i d e o  d i g i t i s i n g  i n t e r f a c e ,  t h a t  a l l o we d  a sequence of  d i g i t i s e d  
images of  an i n d i v i d u a l  o r d er ed  u n i t  t o  be o b t a i n e d  a t  d i f f e r e n t  
p l a n e s  of  f o c u s  and pr ocessed so t h a t  t h e  r e l e v a n t  p a r t s  of  each 
image which were d e t e r m i n e d  t o  be i n  f ocus  were combined t o  produce a 
s i n g l e  c ompos i t e  i mage.
3 .1 .  Appara tus ,  m a t e r i a l s  and methods.
3 . 1 . 1 .  M a t e r i a l s .
The m a t e r i a l s  used t o  p r e p a r e  o r d er ed  m i x t u r e s  s u i t a b l e  f o r
1 4 3
image a n a l y s i s  wer e ,
1. T r i a m t e r e n e ,  S u p p l i e d  as a g i f t  by Haescht  (UK) L t d ,  M i l t o n
Keynes , U . K . .
2 .  Elcema 2 5 0 ,  BN D / 4 0 9 1 6 5 ,  Degussa GmbH, F r a n k f u r t ,  FRG.
T r i a m t e r e n e  was s e l e c t e d  f o r  use as t h e  f i n e  a dh e r e n t  p a r t i c l e
because of  i t s  a b i l i t y  t o  f l u o r e s c e  when exposed tD u l t r a - v i o l e t  
l i g h t ,  t h e  peak e x c i t a t i o n  wa ve l e ngt h  be i ng  a p p r o x i m a t e l y  360 nm wi t h  
f l u o r e s c e n c e  a t  a p p r o x i m a t e l y  424 nm. Elcema G250 was s e l e c t e d  f o r  
use as a c a r r i e r  s u b s t r a t e  because of  i t s  r e l a t i v e l y  l a r g e  p a r t i c l e  
s i z e  and r e g u l a r  s p h e r o i d a l  shape.
3 . 1 . 2  Appara tus .
The image a n a l y s e r  used t o  o b t a i n  d i g i t i s e d  images of  i n d i v i d u a l  
o r d e r e d  u n i t s  was c o n s t r u c t e d  f rom a B r i t i s h  B r o a d c a s t i n g  C o r p o r a t i o n  
(BBC) model B mi cr ocomput er  (Acorn Computers L t d ,  Cambr i dge ,  U . K . ) ,  
a d u a l ,  d oub l e  s i d e d  d i s c  d r i v e ,  a 128K s i deways  ram board ( S o l i d i s k
Technol ogy  L t d ,  S o u t h e n d - o n - s e a ,  U . K . )  a M i c r oe ye  v i deo  d i g i t i s i n g
i n t e r f a c e  ( D i g i t h u r s t  L t d ,  Roys t on ,  H e r t s . ,  U . K . )  a V i d i c o n  v i deo  
camera f i t t e d  w i t h  a s t a n d a r d  ' C '  mount l e n s  ( D i g i t h u r s t  L t d ,  
Roys t on ,  H e r t s . ,  U . K . ) ,  a f l u o r e s c e n c e  mi cr oscope  ( F l u o v a l ,  Z i e s s ,  
Ober kocken,  F . R . G )  and two monochrome m o n i t o r s .
The BBC mi c r ocomput er  was f i t t e d  w i t h  an Acorn d i s c  i n t e r f a c e ,  
i s s u e  1 . 0  d i s c  f i l i n g  system (DFS) ROM, i s s u e  1 . 2  machine o p e r a t i n g  
system (MQS) and BASIC I I  ( c o p y r i g h t  1982  v e r s i o n ) .  The Mi cr oeye  
i n t e r f a c e  was s u p p l i e d  w i t h  a c a b l e  f o r  c o n n e c t i o n  t o  t h e  user  p o r t  
of t he  BBC mi c r ocomput er  ( 2 2 0 ,  2 2 1 ) .  T h i s  p r o v i d e d  t he  nec es s ar y
c o n t r o l  l i n e s  and access t o  t he  4 most s i g n i f i c a n t  of  t h e  8 b i t s  of
gr ey  l e v e l  i n f o r m a t i o n  a v a i l a b l e  f rom t h e  Mi c r oe ye  i n t e r f a c e .  
D e t a i l s  of  t h e  M i c r o e y e  t o  BBC c o n n e c t i o n  a r e  shown i n f i g u r e  3 . 1 .
The f l u o r e s c e n c e  mi croscope  was f i t t e d  w i t h  a t r i n o c u l a r  head on 
which was mounted t he  v i d e o  camera.  Th i s  a l l o w e d  t he  o p e r a t o r  t o  
v i ew t h e  p a r t i c l e s  t o  be examined t hr ough t he  mi cr oscope  v i a  t he  
b i n o c u l a r  e y e p i e c e s  as normal  w h i l s t  s i m u l t a n e o u s l y  d i s p l a y i n g  a 
v i d e o  image of  t h e  f i e l d  of  v i ew on a m o n i t o r .  The s i g n a l  f rom t he  
t he  v i d e o  camera was f i r s t  passed t o  a monochrome mo n i t o r  f i t t e d  wi t h  
an a u x i l i a r y  v i d e o  o u t p u t  soc ke t  and t hen t o  t he  v i deo  d i g i t i s i n g  
i n t e r f a c e .  T h i s  a l l o w e d  t he  image f rom t h e  camera t o  be vi ewed w h i l e  
bei ng d i g i t i s e d .
The a b i l i t y  t o  v i ew t he  t r u e  v i d e o  image be i ng passed t o  t he
1 4 4
Mi c r oe y e  i n t e r f a c e  was c o n s i d e r e d  t o  be i m p o r t a n t  because t he  
d i g i t i s e d  images o b t a i n e d  coul d o n l y  be d i s p l a y e d  us i ng a maximum of  
f o u r  gr ey  l e v e l s  when us i ng  d i s p l a y  mode 1 ( 320x256  p i x e l s  us i ng  f o u r  
c o l o u r s  or g r e y  l e v e l s )  of  t h e  BBC mi c r o c o m p u t e r . The second 
monochrome m o n i t o r  was used t o  d i s p l a y  t h e  d i g i t i s e d  image and o t h e r  
computer  o u t p u t .  A s ch emat i c  d i agr am of  t he  image a n a l y s i s  system i s  
shown i n  f i g u r e  3 . 2 .
D i g i t i s e d  images coul d  be v i ewed us i ng t h e  f u l l  g r ey  l e v e l  
r e s o l u t i o n  by t r a n s f e r r i n g  them t o  an e x p e r i m e n t a l  g r a p h i c s  
w o r k s t a t i o n  ( M i c r o p r o c e s s s o r  u n i t ,  U n i v e r s i t y  of  Ba t h ,  Ba t h ,  UK) 
which was c a p a b l e  of  d i s p l a y i n g  images usi ng a p a l e t t e  of  256 c o l o u r s  
s e l e c t e d  f rom a p o s s i b l e  16 . 7  m i l l i o n  and a scr een  r e s o l u t i o n  of  
768x512  p i x e l s .  Th i s  f a c i l i t y  was o n l y  used t o  o b t a i n e d  sample  
phot ogr aphs  of  t he  d i g i t i s e d  images because of  t h e  l e n g t h  of  t i me  
r e q u i r e d  t o  t r a n s f e r  da t a  between t h e  two computers  i n v o l v e d  and t he  
l i m i t e d  amount of  access  a v a i l a b l e .
P h o t o mi c r og r a p h s  of  or der ed  u n i t s  were t ak en  by mount i ng a 
P r a k t i c a  LTL3 camera on one of t he  b i n o c u l a r  e y e p i e c e s  us i ng  a 
mi cr oscope  a d a p t o r .  Th i s  same camera was a l s o  used t o  t a k e  
phot ogr aphs  of  images t h a t  were d i s p l a y e d  on t h e  g r a p h i c s  
w o r k s t a t i  o n .
An Epson FX80 dot  m a t r i x  p r i n t e r  (Epson L t d ,  Wembley,  U . K . )  was 
used t o  o b t a i n  hard copy of  programs and da t a  and a l s o  t o  produce  
i s o m e t r i c  p r o j e c t i ons  of  t he  b r i g h t n e s s  of  d i g i t i s e d  i mages.
3 . 1 . 2 . 1 .  Memory address ing  and a l l o c a t i o n  i n s i d e  the BBC 
mi c r ocompu te r .
Memory l o c a t i o n s  and addr esses  a r e  more c o n v e n i e n t l y  expr essed  
usi ng h ex ad e c i ma l  n o t a t i o n  where t he  numbers 1 t o  15 a r e  w r i t t e n
us i ng 0 t o  9 ,  A t o  F.  To d i s t i n g u i s h  between hexadec i mal  n o t a t i o n
(commonly r e f e r r e d  t o  as hex)  and dec i ma l  n o t a t i o n ,  t h e  f or mer  
numbers a r e  pr eceded by an ampersand ( & ) .  T h i s  i s  t h e  n o t a t i o n  used 
t h r o u g h o u t  t he  manuals f o r  t h e  BBC mi c r ocomput e r ,  a l t h o u g h  t h e  d o l l a r  
s i gn ($)  i s  f r e q u e n t l y  used e l s e w h e r e  f o r  t h e  same pur pose .
The BBC model  B mi c r ocomput er  uses a 6502 mi c r o p r o c e s s o r  which  
i s  c a p a b l e  of  a d d r e s s i n g  65536 b y t e s  of  memory (0 t o  &FFFF) .  Th i s  
memory r ange  has been s p l i t  i n t o  f o u r  s e c t i o n s  ( F i g u r e  3 . 3 )  i n  t he  
BBC mi c r ocomput er  ( 2 2 0 ,  2 2 1 ) ,  t h e  user  random access memory
( 0 - & 7 F F F ) , t h e  s i deways  ROM a r e a  ( &8 0 0 0 - & B F F F ) , and t h e  MQS and
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memory mapped i n p u t  ou t p u t  ( 10)  a r e a  (&C000 - &F F F F ) .  A - f u r t her  
d i v i s i o n  i s  made i n t o  pages of  256 (&FF) b y t e s  by t he  6502
mi c r o p r o c e s s o r  i t s e l f .
The memory pages &.FC ( i e  &FC00 t o  &FCFF) , &FD and &FE ar e  
d e d i c a t e d  t o  memory mapped 10.  &FC i s  used f o r  c o n t r o l l i n g  d e v i c e s  
connect ed t o  t he  1MHz bus,  &FD i s  used f o r  6 4 K of  paged memory
l o c a t e d  on t he  1MHz bus and &FE i s  used f o r  i n t e r n a l  d e v i c e  10.  
These t h r e e  pages of  memory a r e  r e f e r r e d  t o  as FRED, J I M,  and SHEILA 
r e s p e c t i v e l y  by t he  user  manuals f o r  t he  BBC mi c r ocomput er  ( 2 2 0 ,
2 2 1 ) ,  a usage which w i l l  be c o n t i n u e d  h er e .
The s i deways  ROM a r ea  of  memory has been paged t o  a l l o w  t he  
amount of  f i r m w a r e  ( s o f t w a r e  i n ROM) t o  be i n c r e a s e d .  S i x t e e n  
s i deways ROM a r e a s  < 16 :< i 6  k s l o t s )  a r e  a v a i l a b l e  a l t h o u g h  o n l y  one ROM 
can be i n  t h e  a dd r e ss  space of  t h e  6502 a t  any g i ven  t i me  ( F i g u r e  
3 . 3 ) .  Access t o  t he  s i deways rom pages i s  c o n t r o l l e d  by a pagi ng  
r e g i s t e r  l o c a t e d  a t  &30 in SHEILA ( i e  &FE30) .  W r i t i n g  a number f rom 
0 t o  &F t o  t h i s  pag i ng  r e g i s t e r  w i l l  s e l e c t  t h a t  16K page of  ROM 
(2 2 0 , 221 ) .
3 . 1 . 2 . 2 .  M o d i f i c a t i o n s  made t o  t he  BBC -  Microeye connec to r .
The c o n n e c t i o n  between t h e  M i c r oe ye  i n t e r f a c e  and t he  BBC 
mi cr ocomput er  was m o d i f i e d  t o  a l l o w  a l l  8 b i t s  of  g rey  l e v e l
i n f o r m a t i o n  t o  be u t i l i s e d .  T h i s  was done by c o n n e c t i n g  t he  da t a  
l i n e s  f rom t h e  M i c r o e y e  i n t e r f a c e  t o  t h e  da t a  l i n e s  of t h e  1MHz bus.  
The c o n t r o l  l i n e s  of  t he  M i c r oe ye  i n t e r f a c e  were l e f t  connect ed t o  
t he  user  p o r t .
The d e t a i l s  of  t h i s  m o d i f i c a t i o n  a r e  g i v en  i n  f i g u r e  3 . 4 .  The 
user  p o r t  on t he  BBC mi c r ocomput er  i s  c o n t r o l l e d  by s i d e  B of t he  
user  6522 ( v e r s a t i l e  i n t e r f a c e  a d a p t o r  or  VI A)  us i ng  t he  10 r e g i s t e r s  
at  &60 and &62 i n  SHEILA ( 2 2 1 ) .
3 . 1 . 2 . 3 .  M o d i f i c a t i o n s  made t o  t he 128K ram board.
The 128K s i dewa ys  ram board a l l o w e d  8 x1 6K pages of random access  
memory t o  be l o c a t e d  i n  t he  s i deways rom a r e a  ( F i g u r e  3 . 3 ) .  Read 
c o n t r o l  of  t h e  ram board was e f f e c t e d  t hr ough t h e  s t a n d a r d  pagi ng  
r e g i s t e r  a t  &30 i n  SHEILA ( &FE30) .  T h i s  a l l o w e d  t h e  ram board t o  
emul a t e  rom when n e c e s s a r y .  W r i t e  access t o  t he  s i deways  ram was 
p r o v i d e d  by u s i n g  s i d e  B of  t he  user  6522 VIA ( t h e  user  p o r t ) ,  v i a
i n t e r n a l  c o n n e c t i o n s ,  as a second pagi ng r e g i s t e r .  Th i s  usage of  t he
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user  p o r t  was in d i r e c t  c o n f l i c t  w i t h  t he  r e q u i r e m e n t s  of  t he
Mi cr oeye  d i g i t i s i n g  i n t e r f a c e .  The w r i t e  c o n t r o l  l o g i c  on t he  
si deways ram board was t h e r e f o r e  moved t o  t h e  s t a n da r d  paging
r e g i s t e r  so t h a t  both read and w r i t e  access t o  t he  s i deways ram were  
c o n t r o l l e d  by t h e  v a l u e  i n ?<30 in SHEILA.  More r e c e n t  v e r s i o n s  of  
t h i s  s i deways ram board have r e s o l v e d  t h i s  c o m p l i c a t i o n  by 
i mp l e me nt i ng  more pagi ng r e g i s t e r s  i n  t h e  16 b y t e s  occupi ed by t he  
s i n g l e  BBC mi crocomput er  pagi ng r e g i s t e r .
The s i deways ram was used t o  p r o v i d e  two f r ame b u f f e r s  f o r  use
by t he  image a n a l y s i s  s o f t w a r e ,  i e  two 256x256  p i x e l  images coul d be
s t o r e d  in memory s i m u l t a n e o u s l y  w i t h  t he  f u l l  256 g r ey  l e v e l  
r e s o l u t i o n  a v a i l a b l e  f rom t h e  Mi c r oe ye  i n t e r f a c e .  Frame 1 was p l aced  
i n  s i deways ram pages 8 -11  (&08-&0B)  and f r ame 2 was p l aced  in
s ideways ram pages 12 - 15  ( &0C-&0F) .
3 . 1 . 3 .  Methods.
3 . 1 . 3 . 1 .  P r epa r a t i on  of  ordered u n i t s  of  t r i m a t e r e n e  and Elcema 6250 
f o r  photomic rography .
Ordered m i x t u r e s  of  t r i m a t e r e n e  and Elcema G250 were pr e pa r e d  by 
p l a c i n g  20 grammes of Elcema G250 and 0 . 1  grammes of  t r i a m t e r e n e  in a
0 . 21  g l a s s  j a r  and then shak i ng  by hand.  Th i s  produced powder  
m i x t u r e s  w i t h  a t r i a m t e r e n e  c o n c e n t r a t i o n  of  a p p r o x i m a t e l y  0 . 5 ‘/ .w/w.  
A l l  we i ghi ng was c a r r i e d  out  us i ng  a ba l a n c e  a c c u r a t e  t o  0 . 0 0 0 1  
grammes.
S i n g l e  or der ed  u n i t s  were o b t a i n e d  f o r  mi croscopy  by s p r i n k l i n g  
a smal l  amount of t he  powder m i x t u r e  ont o  a smal l  b r ass  p l a t e  
( Chapt e r  4) coa t ed w i t h  a t h i n  l a y e r  of  qu i ck  s e t t i n g  epoxy r e s i n  
( A r a l d i t e  Ra p i d ,  Ciba Ge i gy ,  Ma n c he s t e r ,  U . K . ) .  The a d h e s i v e  was 
f i r s t  a l l owe d  t o  p a r t i a l l y  dr y  t o  reduce t he  a b i l i t y  of  t he  g l u e  t o  
' w i c k '  i n t o  t he  body of t he  Elcema G250 c a r r i e r  p a r t i c l e s .
The a b i l i t y  of  t he  a d h e s i v e  t o  hol d  t h e  Elcema G250 p a r t i c l e s  t o  
a s u r f a c e  was t e s t e d  by p h o t o g r a ph i n g  a sample of  an or der ed  m i x t u r e  
b e f o r e  and a f t e r  a p p l y i n g  a s e p a r a t i o n  f o r c e  by c e n t r i f u g i n g  a t  
5 0 , 0 0 0  r e v o l u t i o n s  per  mi nut e  ( r e v  min” ^ .  The a p p a r a t u s  used t o  
hol d t he  brass  p l a t e  d u r i n g  c e n t r i f u g a t i o n  i s  d e s c r i b e d  i n Chapt er  4.
A f t e r  c e n t r i f u g a t i o n  t h e  Elcema G250 p a r t i c l e s  were a l s o  
examined by scanni ng  e l e c t r o n  mi c r oscopy .  Th i s  was done t o  d e t e r mi n e  
t he  e x t e n t  t o  which t he  a d h e s i v e  had p e n e t r a t e d  i n t o  t he  Elcema G250 
p a r t  i c l e s .
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3 . 1 . 3 . 2  C o l l e c t i o n  of  d i g i t i s e d  images.
The i n d i v i d u a l  o r der ed  u n i t s  of  t r i a m t e r e n e  and Elcema 6250 were 
i l l u m i n a t e d  by u l t r a - v i o l e t  l i g h t  t hr ough t h e  o b j e c t i v e  l ens  of  t he  
f l u o r e s c e n c e  mi c r o sc o p e .  A s u i t a b l e  o r d e r e d  u n i t  was l o c a t e d  and t he  
p l a n e  of  f oc u s  of  t h e  mi croscope r a i s e d  u n t i l  i t  was above t he  top of  
t h e  o r der ed  u n i t  so t h a t  no a d h e r e n t  p a r t i c l e s  were i n  f oc u s .
A d i g i t i s e d  image was then c a p t u r e d ,  saved as a f i l e  on a f l o p p y  
d i s c  and t h e  f i n e  f ocus  c o n t r o l  advanced by 1 0  f i n e  f ocus  d i v i s i o n s  
( t h e  mar k i ngs  on t h e  f i n e  f ocus  c o n t r o l  were i n i n t e r v a l s  of  f i v e ) .
T h i s  sequence of  o p e r a t i o n s  was r e p e a t e d  u n t i l  t he  p l a ne  of  f oc u s  had
passed bel ow t he  or der ed  u n i t  and a d h e r e n t  p a r t i c l e s  were no l o n g er  
i n  f o c u s .
The number of  d i g i t i s e d  images c o l l e c t e d  was dependent  on t he  
s i z e  of t he  o r d e r e d  u n i t  t h a t  had been examined and v a r i e d  f rom 15 or  
l e s s  f o r  smal l  o r d e r e d  u n i t s  t o  30 or  more f o r  l a r g e  o r d er ed  u n i t s .  
The d i s t a n c e  advanced by t he  p l a n e  of  f ocus  was not  measured but  was 
e s t i m a t e d  t o  be a p p r o x i m a t e l y  2>im. T h i s  f i g u r e  was o b t a i n e d  by
d i v i d i n g  t h e  e s t i m a t e d  depth of  t h e  c a r r i e r  p a r t i c l e  above t he
a d h e s i v e  by t h e  number of  f r ames r e q u i r e d  f o r  d i g i t i s a t i o n .
3 . 1 . 3 . 3 .  Co n t r o l  of  the Microeye i n t e r f a c e .
The Mi c r oe y e  i n t e r f a c e  does not  u t i l i s e  a f l a s h  c o n v e r t o r  ADC t o  
d i g i t i s e  t he  v i d e o  s i g n a l .  I n s t e a d ,  a s e r i e s  of  ' c l o c k s '  a r e  used t o  
i d e n t i f y  a s p e c i f i c  p o i n t  on each scan l i n e  of  t h e  v i d e o  f r ame .  The 
v o l t a g e  of  t h e  v i d e o  s i g n a l  a t  t h e  i d e n t i f i e d  p o i n t  i s  sampled and 
he l d  by t he  ADC and then c o n v e r t e d  t o  a d i g i t i a l  v a l u e  i n  around
12j js.  Usi ng t h i s  system a s i n g l e  v e r t i c a l  column of  d a t a  was
o b t a i n e d  f rom t h e  d i g i t i s i n g  i n t e r f a c e  f o r  each f r ame of  v i d e o  t h a t  
was scanned.  A 256 x256 p i x e l  v i d e o  image was c a p t u r e d  by d i g i t i s i n g
a s i n g l e  column of  v i d e o  da t a  f rom 256 s e p a r a t e  v i d e o  f r a me s ,  a
pr ocess  which t ook  a p p r o x i m a t e l y  5 seconds.
To ensur e  t h a t  t he  d a t a  can be r ead  c o r r e c t l y  f rom t he  d i g i t i s e d  
i n t e r f a c e  c o n t r o l  l i n e s  a r e  p r o v i d e d  ( F i g u r e  3 . 1 ,  3 . 3 )  t o  s i g n a l  t o  
t he  i n t e r f a c e  when t o  s t a r t  d i g i t i s i n g  (MASTER RESET, EQL RESET) and 
t o  s i g n a l  t o  t he  computer  when v a l i d  d a t a  can be read f rom t he  
i n t e r f a c e  (EOL,  STROBE).  The o p e r a t i o n  of  t he  Mi c r oe ye  i n t e r f a c e  was 
as f o l l o w s ,
1. The i n p u t  and o u t p u t  c o n t r o l  l i n e s  were d e f i n e d  by w r i t i n g  a
v a l u e  t o  t h e  d a t a  d i r e c t i o n  r e g i s t e r  (DDRB) of  t h e  B s i d e  of  t he
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user  VI A ( l o c a t i o n  ?*62 in SHEI LA) .  A v a l u e  of  &.0 w r i t t e n  t o  a 
b i t  i n  DDRB w i l l  s a t  t he  c o r r e s p o n d i n g  l i n e  i n t h e  d a t a  10 
r e g i s t e r  ( I 0RB,  &60 i n SHEILA)  t o  be used as an i n p u t  l i n e ,  
whereas w r i t i n g  a v a l u e  of  t o  a b i t  i n  DDRB w i l l  cause t he  
c o r r e s p o n d i n g  l i n e  i n IORB t o  be used f o r  o u t p u t .  For c o r r e c t  
use,  MASTER RESET and EOL RESET were s e t  t o  o u t p u t  by w r i t i n g  
&0A t o  DDRB. STROBE and EOL were s i m u l t a n e o s l y  s e t  t o  z e r o  by 
t h i s  a c t i o n  and t h e r e f o r e  d e f i n e d  as i n p u t  l i n e s  ( F i g u r e  3 . 3 ) .
2.  The i n t e r f a c e  was r e s e t  by w r i t i n g  t he  v a l u e  &02 f o l l o w e d  by t he  
v a l u e  &A t o  IORB.
3.  The EOL c o n t r o l  l i n e  was then r e p e a t e d l y  examined t o  d e t e r mi n e  
when i t  changed f rom a 0 t o  a 1. Th i s  t r a n s i t i o n  i n d i c a t e d  t h a t  
t he  end of  a scan l i n e  had been r e ac h ed .
4.  EOL RESET was then s e t  h i gh f o r  a p p r o x i m a t e l y  two mi croseconds  
a f t e r  which both EOL RESET and MASTER RESET were pul sed ( i e  se t  
hi gh t hen  se t  l o w ) .
5.  STROBE was then r e p e a t e d l y  examined u n t i l  i t  changed f rom 0 t o  1 
and back a ga i n  2 0  t i m e s .
6 . STROBE was then a l l o we d  t o  go t o  f rom 0 t o  1 and back t o  0 
a g a i n .  A f t e r  a s h o r t  pause t o  ensur e  t h a t  t he  d a t a  was v a l i d  
( recommended by D i g i t h u r s t ) ,  t he  da t a  l i n e s  of  t h e  Mi c r oe ye  
i n t e r f a c e  were r e a d .  A t o t a l  of  64 ns were a v a i l a b l e  (between  
t he  change f rom 1 t o  0 and subsequent  change f rom 0 t o  1 of  
STROBE) i n  which t he  d i g i t i s e d  v a l u e  coul d  be read and s t o r e d  in 
RAM f o r  l a t e r  use.  Th i s  was s u f f i c i e n t  t i me  f o r  t he  BBC 
mi cr ocomput er  t o  read t h e  d i g i t i s e d  v a l u e  and t o  add i t  t o  a 
c u m u l a t i v e  sum of  p r e v i o u s  v a l u e s  f o r  a g i ven  p i x e l ,  an
o p e r a t i o n  which a l l o we d  d i g i t i s e d  images t o  be c o l l e c t e d  by 
a v e r a g i n g  t o g e t h e r  s e v e r a l  f r ame s .
7.  Step 6 was then r e p e a t e d  a f u r t h e r  255 t i me s  t o  read i n  a whole  
column of  d a t a .
8 . St eps  3 t o  7 were then r e p e a t e d  a f u r t h e r  255 t i me s  t o  r ead i n  
t h e  r e m a i n i n g  columns of  t h e  image.
The 6502 assembl er  code f o r  t h i s  o p e r a t i o n  i s  g i v en  i n
s u b r o u t i n e  D I 6 1 ,  DIG2 and DI 63  i n  Appendix 2 ( A2 . 3  -  A 2 . 5 ) .
3 . 1 . 3 . 4 .  Storage and m a n i pu l a t i o n  of  d i g i t i s e d  images.
The 8  x 16k b l o c k s  of  s i deways ram were used i n two ways t o
m a n i p u l a t e  images. -  The method used t o  c a p t u r e  d i g i t i s e d  images
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i n v o l v e d  a v e r a g i n g  over  a number of  f rames  (Appendi x 2 ,  BASIC program 
SPR128 ( A 2 . 1 ) ,  Machine code programs DIG1 ( A 2 . 3 ) ,  DIG2 ( A 2 . 4 )  and 
DIG3 ( A 2 . 5 ) .  Dur i ng  t h i s  a v e r a g i n g  t he  most s i g n i f i c a n t  b i t s  of  t he  
summed images were he l d  in f rame b u f f e r  1 and t he  l e a s t  s i g n i f i a c n t  
b i t s  he l d  i n  f r ame b u f f e r  2.  A f t e r  d i g i t i s a t i o n  t he  summed image was 
aver aged ( a c c o r d i n g  t o  t he  d i g i t i s a t i o n  r o u t i n e  be i ng  used,  e i t h e r  
BI G1,  DIG2 or  DIG3)  and t h e  r e s u l t i n g  v a l u e s  p l a ce d  in f r ame b u f f e r  
1 .
To l oad or  save a d i g i t i s e d  image t o  d i s c ,  f o u r  f i l e s  were used 
each 16k l o n g .  T h i s  a l l owe d  a s i n g l e  b l ock  of  s i deways  ram d a t a  t o  
be swapped w i t h  16k of  t he  mode 1 g r a p h i c s  scr een  memory (Appendi x 2,  
machine code programs MQVEUP ( A 2 . l l )  and MOVEDOWN ( A 2 . 1 2 ) ) .  Once in  
scr een memory t he  d a t a  coul d  be saved t o  d i s c  usi ng t he  s t a n d a r d  DFS 
command t o  save a b l ock  of  memory.  T h i s  o p e r a t i o n  was r e p e a t e d  f o u r  
t i me s  t o  save a compl e t e  image.  The r e v e r s e  o p e r a t i o n  was used to  
l oad d i g i t i s e d  images f rom d i s c  i n t o  s ideways ram.  T h i s  p r ocedur e  
was n ec es s ar y  because t he  DFS ROM occupi ed a s i deways  rom s l o t  and 
i t s  s i deways  rom page was t he  one s e l e c t e d  d u r i n g  any d i s c  o p e r a t i o n .  
I t  was t h e r e f o r e  i m p o s s i b l e  t o  l oad or  save d i g i t i s e d  images d i r e c t l y  
i n t o  t he  s i deways  ram pages by w r i t i n g  d i r e c t l y  t o  t h i s  a r e a .
The p r o t o c o l  used when m a n i p u l a t i n g  images was t h a t  f r ame b u f f e r  
1 ( s i deways  ram pages &Q8 t o  &0 B ) a l ways  he l d  t he  sour ce  or  raw 
image and f r ame b u f f e r  2 ( s i deways  ram pages &OC t o  &0F ) a l ways  hel d  
t he  d e s t i n a t i o n  or  processed image.
A machine code s u b r o u t i n e  (DISPLAY Appendix 2,  A2 . 1 0 )  was
w r i t t e n  t o  d i s p l a y  a d i g i t i s e d  image us i ng a 256x256  a r ea  of  t he  mode
1 g r a p h i c s  s c r e en  where t he  256 gr ey  l e v e l s  a v a i l a b l e  were mapped 
onto t he  f o u r  c o l o u r s  a v a i l a b l e  a c c or d i n g  t o  a user  d e f i n e d  
t r a n s f o r m a t i o n  ( pr oc  COLORS i n program SUPER, Appendix 2 ,  A 2 . 1 ) .
3 . 1 . 3 . 5 .  Production of isometric image plots.
I s o m e t r i c  p l o t s  of  d i g i t i s e d  images were produced us i ng  a 
S i n c l a i r  QL computer  f i t t e d  w i t h  a 512K ram e xpans i on  and Cumana d i sc  
i n t e r f a c e .  Dat a  was read f rom BBC f o r ma t  d i s c s  and resaved  on QL 
f o r mat  d i s c s .  The d i g i t i s e d  images were then pr ocessed  us i ng  a 
s p e c i a l l y  w r i t t e n  program (Appendi x 2 ,  program PROFILE ( A2 . 1 6 )  which 
was w r i t t e n  i n  t he  'C'  programming l anguage  ( 2 2 2 ) .  The use of a 
compi l ed  l a n g u a g e ,  r a t h e r  than BASIC,  was nec es s ar y  t o  r educe  t he  
t i me  t aken  t o  produce  t he  i s o m e t r i c  p l o t s  f rom 2 hours  t o  around f i v e
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mi n u t e s .
The p r o j e c t e d  i s o m e t r i c  p l o t s  r e p r e s e n t  b r i g h t n e s s  by t h e  h e i g h t
above t h e  p l a n e .  B r i g h t  a r ea s  i n  an image t h e r e f o r e  form peaks ,  and
dar k  a r ea s  low p l a t e a u .  Hidden l i n e  removal  has been employed t o  
p r e v e n t  t he  p r o j e c t e d  images f rom becoming too c onf use d .
The S i n c a i r  QL computer  was not  a v a i l a b l e  a t  t he  t i me  t h a t  t he  
d i g i t i s e d  images were be i ng  c o l l e c t e d  hence t he  reason f o r  most of  
t h e  nec c e s s a r y  s o f t w a r e  be i ng w r i t t e n  i n 6502 machine code.
3 . 1 . 3 . 6 .  P r oduc t i on  of  composi te images.
The p r o d u c t i o n  of  a f ocused image f rom a sequence of  p a r t i a l l y
f ocused d i g i t i s e d  images was done us i ng t he  BASIC c o n t r o l  program 
BCOMPQS ( A2 . 1 4 )  and t he  machine code program COMPOS ( A 2 . 1 5 ) .  BCOMPQS 
per f or med two main f u n c t i o n s ,
1. The i n s t a l l a t i o n  of  t he  d i g i t i s e d  images i n  f rame 1 b u f f e r  as 
t he y  were needed by t h e  machine code program COMPOS.
2.  The f l o a t i n g  p o i n t  a r i t h m e t i c  used when compar i ng two a r ea s  t o  
d e t e r m i n e  which f u l f i l l e d  t he  c r i t e r i a  f o r  be i ng  t he  most  
f o c u s e d .
The g e n e r a l  mechani cs of  o p e r a t i o n  of  both BCQMPOS and COMPOS
a r e  g i v en  i n Appendix 2 ( A 2 . 1 4 ,  A 2 . 1 5 ) .  The method used by COMPOS to
o b t a i n  a compos i t e  d i g i t i s e d  image c o n t a i n i n g  o n l y  t h e  f ocused images
of t h e  a d h e r e n t  p a r t i c l e s  proceded as f o l l o w s .
The 128k of  s i deways  ram was s p l i t  i n t o  two image f r ames which 
were r e f e r r e d  t o  as PIC and COMP. PIC was a l l o c a t e d  t he  s i deways  ram 
b l o ck s  &08 t o  &0B and COMP was a l l o c a t e d  t h e  s i deways  ram b l o c k s  &0C 
t o  &0F.
The f i r s t  a c t i o n  c a r r i e d  out  by COMPOS ( c a l l e d  f rom BCOMPOS) was 
t o  s e t  e v e r y  p i x e l  in COMPOS t o  z e r o  t he r e b y  i n i t i a l i s i n g  t he  f rame  
b u f f e r .  A d i g i t i s e d  image was then l oaded i n t o  PIC ( us i ng  MQVEUP in  
COMPOS, c a l l e d  f rom BCOMPOS). The f i r s t  phase of a n a l y s i s  was then  
c a r r i e d  out  (PHASE1 i n  COMPOS) whereby each p i x e l  i n  PIC was examined  
i n  t u r n  and s e t  to z e r o  i f  i t  was l e s s  than or equal  t o  t he  minimum 
background b r i g h t n e s s .  Th i s  o p e r a t i o n  was e q u i v a l e n t  t o  t h a t  
demons t r a t ed  f o r  background c l i p p i n g  ( 1 . 6 . 5 ) .
Once PI C had been c l i p p e d  i t  was assumed t h a t  t h e  o n l y  non z e r o  
(non backgr ound)  p i x e l s  r e ma i n i n g  were due t o  t h e  b r i g h t l y  
f l u o r e s c i n g  a d h e r e n t  p a r t i c l e s .  On t h i s  assumpt i on each p i x e l  i n  PIC 
was a ga i n  examined u n t i l  a p i x e l  w i t h  a non z e r o  v a l u e  was f ound.
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Once a non z e r o  p i x e l  was found a l l  a d j a c e n t  p a r t i c l e s  were a l so  
examined us i ng  t he  ' g r a s s  f i r e  b u r n '  a r ea  f i l l  a l g o r i t h m  ( 2 0 9 ) .  
Dur i ng  t he  d e t e r m i n a t i o n  of t he  e x t e n t  of  t he  non background a r e a ,  
s e v e r a l  i t ems  of  i n f o m a t i o n  were a l s o  c o l l e c t e d  (by t he  s t a t s  
r o u t i n e s  i n  COMPOS). These i t ems  of  i n f o r m a t i o n  were.
1. The v a l u e  of  t h e  b r i g h t e s t  non background p i x e l  f ound.
2.  The sum of  a l l  t he  non background p i x e l s  f ound.
3.  The maximum and minimum X c o o r d i n a t e s  used f o r  non background
p i x e l s .
4.  The maximum and minimum Y c o o r d i n a t e s  used f o r  non background
p i xe l s .
5.  The t o t a l  number of  non background p i x e l s .
W h i l s t  t he  e x t e n t  of t he  non background a r e a  i n  PIC was bei ng  
d e t e r m i n e d ,  t h e  same p i x e l  c o o r d i n a t e s  i n COMP were a l s o  examined to  
d e t e r m i n e  i f  a non background p i x e l  had a l r e a d y  been r e cor de d  t h e r e .  
Thi s  e vent  o n l y  o c c u r r e d  du r i n g  t h e  e x a m i n a t i o n  of  t h e  second and 
subsequent  d i g i t i s e d  images because of  t he  i n i t i a l  c l e a r i n g  of COMP. 
When t h e  f i r s t  non background p i x e l  i n  COMP was found t he  X,Y 
c o o r d i n a t e s  were r e c o r d e d  and no f u r t h e r  compar i son i n COMP done.
When t h e  e x t e n t  of  t he  non background a r e a  i n  PIC had been
d e t e r m i n e d ,  t he  same process  was c a r r i e d  out  f o r  COMP us i ng  t he  f i r s t
non background p i x e l  found as t he  s t a r t i n g  p o i n t  f o r  t he  ' g r a s s  f i r e  
b ur n '  a r e a  d e t e r m i n a t i o n  in COMP. Dur i ng t he  d e t e r m i n a t i o n  of t he  
e x t e n t  of  t h e  non background a r ea  i n  COMP t he  i t ems  of  i n f o r m a t i o n  
d e t a i l e d  i n  1 t o  5 above were a l s o  c o l l e c t e d .
I f  no non background a r ea  was d e t e c t e d  i n COMP then t he  a r ea  in
PIC was i m m e d i a t e l y  cop i ed  t o  COMP and then d e l e t e d  f rom PI C.  Where
a non background a r e a  had been d e t e c t e d  i n  COMP t h e  i n f o r m a t i o n  i n  1 
t o  5 above was used t o  d e t e r m i n e  which of  t h e  two a r ea s  was t he  more 
f oc u se d .  The r u l e s  used t o  d e t e r m i n e  t h i s  p r o p e r t y  were ,
1. The p r o j e c t e d  a r e a  f o r  each of  t h e  d e t e c t e d  a r e a s  was c a l c u l a t e d
by m u l t i p l y i n g  t h e  d i f f e r e n c e  between t h e  maximum and minimum x
c o o r d i n a t e s ,  t he  d i f f e r e n c e  between t he  maximum and minimum y 
c o o r d i n a t e s  and t he  v a l u e  % t o g e t h e r  then d i v i d i n g  by 4. (The  
a c t u a l  a r e a s  were a l s o  c a l c u l a t e d  but  i n  t h e  e vent  were not  
u s e d ) .
2.  The a v e r a g e  p r o j e c t e d  b r i g h t n e s s  was c a l c u l a t e d  by d i v i d i n g  t he  
v a l u e  o b t a i n e d  i n 1 i n t o  t h e  sum of  t h e  b r i g h t n e s s  v a l u e s .
3.  The non background a r ea  i n  PIC was c o n s i d e r e d  t o  be more f ocused
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than t he  non background ar ea  in COMP i t  i t s  ave r age  p r o j e c t e d  
b r i g h t n e s s  was l a r g e r  than t h a t  f rom COMP and i t  t he  maximum 
b r i g h t n e s s  v a l u e  tound in PIC was g r e a t e r  than t he  maximum
b r i g h t n e s s  v a l u e  i n  COMP minus 3.  The s u b t r a c t i o n  ot  t h e  v a l u e  
3 t rom t he  maximum b r i g h t n e s s  in COMP a l l o w e d  s l i g h t  v a r i a t i o n s  
in b r i g h t n e s s  between d i t t e r e n t  d i g i t i s e d  i mages,  due t o
v a r i a t i o n s  in t he  UV l i g h t  s o u r c e ,  t o  be compensated t o r .
Both ot  t he  c o n d i t i o n s  above had t o  be s a t i s t i e d  b e t o r e  t he  
ar ea  i n  PIC coul d be c o n s i d e r e d  more t ocussed than t he  a r e a  in 
COMP.
I t  t h e  a r e a  in PIC was more t ocused than t he  a r e a  i n COMP then  
t h e  a r e a  i n  COMP was d e l e t e d ,  t he  a r ea  in PIC cop i ed  t o  COMP and then  
t h e  a r e a  i n PIC d e l e t e d .  I t  t he  a r ea  in PIC was not  more t ocussed
than t h e  a r e a  i n COMP then on l y  t he  a r ea  i n PIC was d e l e t e d ,  t h e  ar ea
i n  COMP be i ng  l e t t  untouched.
Th i s  compar i son p r oce dur e  c o n t i n u e d  u n t i l  a l l  t he  non background  
a r e a s  in PIC had been er ased e i t h e r  because t he y  were cop i ed  t o  COMP 
or because t h e y  were tound t o  be l e s s  t ocussed than t h e  e q u i v a l e n t  
ar ea  in COMP.
. The compar i son p r o ce d u r e  above was c a r r i e d  out  t o r  each 
d i g i t i s e d  image in t u r n  u n t i l  a compl e t e  sequence had been exami ned.  
The compos i t e  image g e n e r a t e d  in COMP was then saved t o  d i s c  t o r  
subsequent  a n a l y s i s  (PROC ANALYSE in SPR128 v e r s i o n  1 ) .
3 . 1 . 3 . 7 .  A c t i o n  ot  PROC ANALYSE.
PROC ANALYSE in t h e  BASIC program SPR128 ( A 2 . 1 )  was used t o  
measure t h e  p o s i t i o n  and s i z e  ot  t h e  a d h e r e n t  p a r t i c l e s  i n  compos i t e  
d i g i t i s e d  images g e n e r a t e d  by COMPOS. T h i s  a n a l y s i s  was c a r r i e d  out  
on a scr een  d i s p l a y  ot  t he  compos i t e  image ( o b t a i n e d  us i ng t he  
DISPLAY o p t i o n  in SP R12 8 ) .
The d a t a  produced by PRQC ANALYSE was a count  at  t h e  number ot  
p a r t i c l e s  f o u n d ,  t he  maximum and minimum X and Y c o o r d i n a t e  of  each 
a d h e r e n t  p a r t i c l e ,  t he  c r oss  s e c t i o n a l  a r e a  of  each a d h e r e n t  p a r t i c l e  
and t he  c u m u l a t i v e  a r e a  of  t he  a dh e r e n t  p a r t i c l e s .  A l l  of  t he s e  
measurements were g i ven  i n t er ms of  p i x e l s  r a t h e r  than t r u e  p h y s i c a l  
d i s t a n c e s .  To c o n v e r t  t he  p i x e l  measurements t o  t r u e  p h y s i c a l  
d i s t a n c e s  r e q u i r e d  t he  use of  t he  HCAL and VCAL p r o ce d u r es  in SPR128 
v e r s i o n  2 t o  o b t a i n  c a l i b r a t i o n  f a c t o r s .  A l t hough HCAL and VCAL were  
p r o v i de d  no use was made of them as measurments o b t a i n e d  i n  t erms of
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p i x e l s  were ade q u a t e  f o r  programming devel opment  work.
3 .2 .  Re su l t s .
3 . 2 . 1 .  P r e pa r a t i o n  of  ordered u n i t s  of  Elcema 6250 and t r i a m t e r e n e  
f o r  pho tomic rography .
Ordered m i x t u r e s  of  Elcema G250 and t r i a m t e r e n e  were produced fay 
g e n t l y  s ha k i ng  Elcema 6250 powder (>295>jm s i z e  f r a c t i o n )  w i t h  
t r i a m t e r e n e  powder .  A v i s u a l  e x a m i n a t i o n  of  t he  g l a s s  j a r  a f t e r  10 
mi nut es  of  s ha k i n g  showed t h a t  t h e r e  was no obv i ous  excess  of  
t r i a m t e r e n e .
Ex a m i n a t i o n  of  t he  phot ogr aphs  of  Elcema 6250 p a r t i c l e s  t h a t  had 
been f i x e d  t o  t h e  br ass  p l a t e  w i t h  epoxy r e s i n  and then c e n t r i f u g e d  
a t  5 0 , 0 0 0  r e v  mi n~*  showed t h a t  some of  t h e  p a r t i c l e s  had been 
d i s l o d g e d  ( P l a t e s  3 . 1 ,  3 . 2 ) .  Those p a r t i c l e s  t h a t  remai ned were  
examined us i ng  scanni ng e l e c t r o n  mi c r oscopy .  Th i s  e x a m i n a t i o n  showed 
t h a t  t h e  epoxy r e s i n  a d h e s i v e  had o n l y  p e n e t r a t e d  i n t o  t he  body of  
t he  Elcema 6250 p a r t i c l e s  where t he y  were immersed i n t he  a d h e s i v e .  
The degr ee  of  p e n e t r a t i o n  of  t he  a d h e s i v e  coul d be e a s i l y  seen t o  be 
s u f f i c i e n t  o n l y  t o  r e t a i n  t he  Elcema 6250 c a r r i e r  p a r t i c l e s  ( P l a t e s
3 . 3 ,  3 . 4 )  and would not  t h e r e f o r e  be l i k e l y  t o  cause any of  t he  
a d h e r e n t  p a r t i c l e s  t o  be g l ued  to t he  s u r f a c e  of  t he  Elcema 6250  
p a r t i  c l e s .
Samples of  t h e  o r d er ed  m i x t u r e  were p l a ce d  on t he  s u r f a c e  of  t he  
a d h e s i v e  by s p r i n k l i n g  f rom a smal l  s p a t u l a .  The a r ea  around t he  
or d e r e d  u n i t s  was f r e q u e n t l y  examined t o  d e t e r m i n e  i f  any of  t he  
a d h e r e n t  p a r t i c l e s  had been d i s l o d g e d  by t h i s  a c t i o n .  Very  few 
a dh e r e n t  p a r t i c l e s  were ever  seen which i n d i c a t e d  t h a t  t he  or der ed  
mix p r e pa r e d  was ve r y  s t a b l e  as some l o s s e s  would have been observed  
i f  v e r y  l o o s e l y  bound a d h e r e n t  p a r t i c l e s  had been p r e s e n t .
3 . 2 . 2 .  C o l l e c t i o n  of  d i g i t i s e d  images.
Sequences of  d i g i t i s e d  images were c a p t u r e d  us i ng  t h e  D I GI T I SE  
r o u t i n e  i n SUPER v e r s i o n  2 w i t h  t he  machine code program DIG2 (see  
Appendix 2 ,  A 2 . 4 ) .  I n c r eme n t s  of  10 f i n e  f ocus  d i v i s i o n s
( a p p r o x i m a t e l y  2 >jm) were used t o  s p a t i a l l y  s e p a r a t e  t h e  d i g i t i s e d  
i mages.
P l a t e s  3 . 5  t o  3 . 2 7  show a t y p i c a l  sequence of  d i g i t i s e d  images.  
In each image o n l y  a smal l  a r e a  can be observed t o  be i n  f o c u s ,  as 
demons t r a t ed  by t he  pr esence  of  smal l  b r i g h t  a dh e r en t  p a r t i c l e s ,  t he  
r e s t  of  t h e  image bei ng unfocussed t o  a g r e a t e r  or l e s s e r  d e g r e e .  I f
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t h e  sequence of  d i g i t i s e d  images i s  f o l l o w e d ,  t h e  a r ea  of  f oeus  can 
be seen t o  change so t h a t  p a r t s  of  t he  d i g i t i s e d  image t h a t  were  
p r e v i o u s l y  unfocused come i n t o  f ocus  and then go out  of  f ocus  a g a i n .  
I t  i s  a l s o  p o s s i b l e  to see t h a t  when t h e  a dh e r e n t  p a r t i c l e s  a r e  
f ocused  t he y  a r e  smal l  b r i g h t  a r e a s ,  hence t he  r u l e s  used t o  d e t e c t  
f ocused  a d h e r e n t  p a r t i c l e s  when c o m p i l i n g  t he  compos i t e  image.  Cl ose  
e x a m i n a t i o n  of  t h e  o r i g i n a l  phot ogr aphs  of  t he  d i g i t i s e d  images  
c l e a r l y  showed t h a t  t hey  were made of  smal l  squar es  w i t h  
d i s t i n g u i s h a b l e  b r i g h t n e s s  l e v e l s .  Th i s  phenomenon may not  be as 
c l e a r l y  v i s i b l e  i n  p l a t e s  3 . 5  t o  3 . 2 7 .
P l a t e s  3 . 2 9  and 3 . 3 0  show a compar i son between a
pho t o mi c r o g r ap h  ( P l a t e  3 . 3 0 )  of  t he  o r der ed  u n i t  used f o r  p l a t e s  3 . 5  
to 3 . 2 7  and t he  c or r e s p on d i n g  d i g i t i s e d  image ( P l a t e  3 . 2 9 )  of  t he  
o r d e r e d  u n i t .  I t  can e a s i l y  be seen t h a t  a l t h o u g h  t h e  d i g i t i s e d  
image i s  r e p r e s e n t e d  by a r e l a t i v e l y  coar se  b r i g h t n e s s  a r r a y  
( 256x256  p i x e l s )  t he  r e l a t i o n s h i p  between i t  and t h e  phot omi c r ogr aph  
was good.  As ment i oned above ,  i t  i s  n ec es s ar y  t o  ex amine t he
d i g i t i s e d  image ve r y  c l o s e l y  t o  a s c e r t a i n  t h a t  i t  does i n  f a c t
c o n s i s t  of  d i s c r e t e  p i x e l s .  C l ose  e x a m i n a t i o n  of  t he s e  two p l a t e s  
shows t h a t  more f i n e  d e t a i l  i s  v i s i b l e  i n  t h e  phot omi c r ogr aph  ( P l a t e
3 . 3 0 )  because i t  has not  been d i v i d e d  i n t o  d i s c r e t e  squar es  over  
which t h e  image b r i g h t n e s s  has been a ve r age d .  The d i g i t i s e d  images  
a r e  e a s i e r  t o  observe  t han t h e  p h ot omi c r ogr aph  because t he
d i g i t i s a t i o n  r o u t i n e  has enhanced t h e  c o n t r a s t  of  t h e  o r i g i n a l  image 
to cover  t h e  256 grey l e v e l s  a v a i l a b l e .
The images o b t a i n e d  in p l a t e s  3 . 5  t o  3 . 2 9  were o b t a i n e d  by 
t r a n s f e r r i n g  t h e  image da t a  t o  t h e  e x p e r i m e n t a l  g r a p h i c s  w o r k s t a t i o n .  
The d a t a  was t hen  p l o t t e d  over  a 512 x 512 a r e a  i n  t h e  c e n t r a l  r e g i o n  
of t h e  728 x 512 scr een us i ng f o u r  p i x e l s  of  t he  g r a p h i c s  d i s p l a y  (2 
x 2) t o  r e p r e s e n t  one p i x e l  i n  t he  o r i g i n a l  d a t a .  Two s t r i p e s  were  
p l a ce d  a t  each s i d e  of  t he  scr een  t o  a l l o w  e a s i e r  f o c u s i n g  of  t he  
g r a p h i c s  d i s p l a y  d u r i n g  p h o t o mi c r o g r a p h y .  The d i s p l a y e d  d i g i t i s e d  
images were c o l o u r e d  b l ue  us i ng  t he  f a c i l i t i e s  of  t h e  g r a p h i c s  
w o r k s t a t i o n  so t h a t  t he y  would appear  s i m i l a r  t o  phot o mi c r o g r ap h s  
( P l a t e  3 . 3 0 ) .
3 . 2 . 3 .  P r odu c t i o n  of  i s o m e t r i c  p r o j e c t i o n  of  d i g i t i s e d  images.
The i s o m e t r i c  p r o j e c t i o n s  of  t he  d i g i t i s e d  images i n p l a t e s  3 . 5  
t o 3 . 2 8  a r e  g i v e n  i n  f i g u r e s  3 . 5  t o  3 . 2 8 .  A l t hough t h i s  f a c i l i t y  was
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not  a v a i l a b l e  when t he  d i g i t i s e d  images were be i ng  c o l l e c t e d  i t  can 
be seen t h a t  t he y  can p r o v i d e  a u s e f u l  means of  compar i ng d i g i t i s e d  
images w i t h o u t  t he  need f o r  an e x p e n s i v e  h i gh r e s o l u t i o n  c o l o u r  
d i s p l a y .  These images can be produced . us i ng any dot
m a t r i x  p r i n t e r  w i t h  p i n  a d d r e s s a b l e  g r a p h i c s  ( i e  v i r t u a l l y  any Epson 
c o m p a t i b l e  dot  m a t r i x  p r i n t e r )  or computer  c o n t r o l l e d  p l o t t e r .
Ex a m i n a t i o n  of  t h e  p r o j e c t i o n s  shows t h a t  peaks grow s h a r p e r  and 
t hen d i s s a p p e a r  i n  t he  same manner as b r i g h t  a r e a s  in t he  d i g i t i s e d  
images ( p l a t e s  3 . 5  t o  3 . 2 7 ) .  I t  i s  a l s o  p o s s i b l e  t o  see t h a t  peaks  
i n  t he  i s o m e t r i c  p r o j e c t i o n s  can be e a s i l y  r e l a t e d  t o  a r ea s  i n  t he  
d i g i t i s e d  images.  The i s o m e t r i c  p r o j e c t i o n s  a l s o  show t h e  pr esence  
of  a s i g n i f i c a n t  d egr ee  of  background f l u o r e s c e n c e  f rom t he  Elcema  
G250 p a r t i c l e .  T h i s  phenomenon i s  not  r e a d i l y  o b s e r v a b l e  i n  t he  
d i g i t i s e d  images as t he y  a r e  p r e s e n t e d  above due t o  t he  r ange  of  
col  our v a l u e s  mapped t o  t h e  gr ey  l e v e l  v a l u e s .
3 . 2 . 4 .  P r o du c t i o n  of  composi te images.
The d i g i t i s e d  images in p l a t e s  3 . 5  t o  3 . 2 7  were used t o  produce  
a compos i t e  image ( p l a t e  3 . 2 8 ) .  The t o t a l  t i me  t ak en  t o  produce t h i s  
compos i t e  image was a p p r o x i m a t e l y  14 mi nut es .  F i g u r e  3 . 2 8  i s  t he  
i s o m e t r i c  p r o j e c t i o n  c o r r e s p o n d i n g  t o  p l a t e  3 . 2 8 .
Compar i son of  t h e  compos i t e  image ( p l a t e  3 . 2 8 )  w i t h  t h e  sequence  
of d i g i t i s e d  images f rom which i t  was compi l ed  ( p l a t e s  3 . 5  to 3 . 2 7 )  
a l l o w s  t he  sour ce  of  t he  a d h e r e n t  p a r t i c l e s  i n t he  compos i t e  image to  
be i d e n t i f i e d .  I t  i s  a l s o  p o s s i b l e  t o  see t h a t  t h e  compos i t e  image
i s  not  p e r f e c t ,  as some of  t h e  a dh e r e n t  p a r t i c l e s  in t h e  compos i t e
image a r e  i n c o r r e c t  ( e x c e s s i v e l y  l a r g e )  and some a d h e r e n t  p a r t i c l e s  
in t h e  sour ce  sequence do not  appear  i n  t h e  compos i t e  image.
The compos i t e  image does,  however ,  p r e s e n t  a r e a s o n a b l e
r e p r e s e n t i o n  of  t he  s i z e  and d i s t r i b u t i o n  of  t he  a d h e r e n t  p a r t i c l e s  
on t he  Elcema G250 c a r r i e r  p a r t i c l e .
3 . 2 . 5 .  A na l y s i s  of  composi te images.
The compos i t e  images produced by COMPOS and BCOMPOS (Appendi x 2,  
A 2 . 1 4 ,  A 2 . 1 5 )  were a n a l y s e d  us i ng  PROC ANALYSE in SPR128 v e r s i o n  1 
(Appendi x 2 ,  A 2 . 1 ) .  T a b l e  3 . 1  r e p r e s e n t s  t he  o u t p u t  f rom PROC
ANALYSE when a p p l i e d  t o  t he  compos i t e  image shown in p l a t e  3 . 2 8 .  
Each p a r t i c l e  i n  t u r n  was examined and t he  maximum and minimum X and 
Y c o - o r d i n a t e s  p r i n t e d ,  t he s e  bei ng t he  ext r eme l e f t ,  r i g h t ,  top and
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bot tom ot t he  p a r t i c l e .  The t o t a l  c r oss  s e c t i o n a l  a r e a  ot  each 
p a r t i c l e  i s  a l s o  g i v en  ( i n  p i x e l s ^ )  and t h e  c u m u l a t i v e  measured a r ea  
( i n  p i x e l s " ) .
3 .3 .  D i scuss i on .
3 . 3 . 1 .  M a t e r i a l s .
The c h o i c e  ot  Elcema G250 and t r i a m t e r e n e  t o  torm o r d er ed  u n i t s  
was made because  i t  r e p r e s e n t e d  a p r a c t i c a l  b i n a r y  p h a r m a c e u t i c a l  
system t h a t  cou l d  be e a s i l y  handl ed and s t u d i e d .
Elcema G250,  p a r t i c u l a r l y  t he  s i z e  t r a c t i o n  most commonly used 
(>295>im),  was s p e c i f i c a l l y  chosen t o  p r o v i d e  a c e l l u l o s e  based 
m a t e r i a l  w i t h  a l a r g e  p a r t i c l e  s i z e  so t h a t  i n d i v i d u a l  p a r t i c l e s  
coul d  be e a s i l y  i s o l a t e d .  In a d d i t i o n  Elcema G250 had a l s o  been used 
to  d e m o n s t r a t e  t h a t  t he  e l e c t r e t  e f f e c t  cou l d  be i nduced i n t o  
c e l l u l o s e  based p h a r m a c e u t i c a l  e x c i p i e n t s  ( Cha pt e r  2 ) .  These  
f a c i l i t i e s  were d e s i r a b l e  because t h e  main o b j e c t i v e  of  t he  
a n a l y t i c a l  t e c h n i q u e  bei ng deve l oped  was t he  measurement  of  adhesi on  
f o r c e  p r o f i l e s  f o r  t he  a d h e r e n t  p a r t i c l e s  i n  i n d i v i d u a l  o r der ed  
u n i t s .
T r i a m t e r e n e  was used as an a dh e r e n t  p a r t i c l e  because p r e l i m i n a r y  
t e s t s  showed an a f f i n i t y  f o r  f o r mi n g  o r d er ed  m i x t u r e s  w i t h  Elcema  
G250 and a l s o  because i t  f l u o r e s c e d  s t r o n g l y  when exposed t o  u l t r a  
v i o l e t  (UV) l i g h t .  UV f l u o r e s c e n c e  was used so t h a t  any a dhe r en t  
p a r t i c l e s  p r e s e n t  on t he  s u r f a c e  of  a c a r r i e r  p a r t i c l e  coul d  be 
d e t e c t e d  e a s i l y  due t o  a p o s i t i v e  b r i g h t n e s s  change.  The 
d e t e r m i n a t i o n  of  t h e  presence  of  a d h e r e n t  p a r t i c l e s  due t o  t he  
o c c l u s i o n  of  l i g h t  t r a n s m i t t e d  t hr ough t he  body of  t h e  Elcema G250 
c a r r i e r  p a r t i c l e  would have been s i g n i f i c a n t l y  more d i f f i c u l t  as a 
method would have had to have been deve l oped f o r  d i f f e r e n t i a t i n g  
between dar k  s po t s  i n  t he  Elcema G250 i t s e l f  and t h e  a dh e r en t  
p a r t i c l e s .
T e t r a c y c l i n e  and z i n c  s u l p h i d e  were a l s o  assessed f o r  t h e i r  
a b i l i t y  t o  bat h  f l u o r e s c e  and form o r d e r e d  u n i t s  w i t h  Elcema G250.  
Zi nc s u l p h i d e  cou l d  e a s i l y  be d e t e c t e d  usi ng UV f l u o r e s c e n c e  but  
would not  form o r d e r e d  m i x t u r e s ,  p r o b a b l y  due t o  i t  be i ng an 
i n o r g a n i c  m a t e r i a l .  T e t r a c y c l i n e  both f l u o r e s c e d  and formed or der ed  
m i x t u r e s  w i t h  Elcema G250.  The probl em e nc ount e r ed  w i t h  t e t r a c y l i n e  
was t h a t  a l t h o u g h  t h e  f l u o r e s c e n c e  was an o r a n g e / y e l l o w  c o l o u r  and 
t h e r e f o r e  e a s i l y  d i s t i n g u i s h a b l e  by eye f rom t he  b l u e  background
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a u t o f 1 uor escence  of  t he  c e l l u l o s e  c a r r i e r  p a r t i c l e ,  t he  i n t e n s i t y  
( b r i g h t n e s s )  o-f t he  -fl uor escence  was o n l y  e q u i v a l e n t  t o  t h a t  o-f t he  
a u t o f l u o r e s c e n c e  of  t he  Elcema G250 i t s e l f .  T h i s  meant  t h a t  when t he  
f l u o r e s c i n g  t e t r a c y c l i n e  was viewed t hr ough t he  monochrome v i deo  
camera used on t h e  image a n a l y s i s  system i t  was not  p o s s i b l e  t o  
d i s t i n g u i s h  i t  f rom t he  Elcema G250 c a r r i e r  p a r t i c l e .  For t h i s  
reason t e t r a c y c l i n e  was not  used.
3 . 3 . 2 .  Apparatus
3 . 3 . 2 . 1 .  The d i g i t i s i n g  appara tus .
The a p p a r a t u s  assembled t o  c a p t u r e  and a n a l y s e  d i g t i s e d  images 
worked w e l l  i n  t h a t  i t  was p o s s i b l e  t o  c a r r y  out  q u a n t i t a t i v e  work in
a r e l i a b l e  manner .  There  wer e ,  however ,  a number of  problems
a s s o c i a t e d  w i t h  t h e  system which slowed down t he  devel opment  of  image
a n a l y s i s  s o f t w a r e  and c o m p l i c a t e d  t he  a n a l y s i s  of  d i g i t i s e d  images.
The l a c k  of  memory i n h e r e n t  i n  t he  des i gn of  t he  BBC
mi cr ocomput er  was not  i n i t i a l l y  seen t o  be a probl em as expans i on v i a  
a p o wer f u l  32 b i t  second p r o c e s s o r  (Acorn computers  32016 second 
p r o c e s s o r )  w i t h  512k or 1024k of  memory was o p t i o n a l l y  a v a i l a b l e .  
The use of  such a p r ocessor  would have a l l o we d  d i g i t i s e d  images to  
have been h e l d  i n  memory w i t h o u t  r e s o r t  t o  memory pagi ng t e c h n i q u e s  
and f o r  a n a l y s i s  s o f t w a r e  t o  be w r i t t e n  i n a h i gh l e v e l  l anguage  such 
as ' C ' ,  P a s c a l ,  or  FORTRAN. In t h e  e vent  Acorn were more than 2 
yea r s  l a t e  w i t h  t he  r e l e a s e  of  t h i s  second pr o c e s s o r  which meant i t  
d i d  not  become a v a i l a b l e  u n t i l  a f t e r  t he  c o m p l e t i o n  of  e x p e r i m e n t a l  
work.  The r e s t r i c t i o n  of  o n l y  hav i ng  32k of  user  memory a v a i l a b l e  on 
t h e  BBC mi c r ocomput er  was overcome by us i ng a 128k s i deways  ram board  
i n which t o  s t o r e  d i g i t i s e d  images.
The use of  t h e  12Bk s i deways  ram board a l l o w e d  image p r o ce ss i n g  
t o  be pe r f o r me d  a t  t he  cos t  of  an i n c r e a s e  in t he  c o m p l e x i t y  of  t he  
image a n a l y s i s  s o f t w a r e .  T h i s  was because each d i g i t i s e d  image was 
s p l i t  i n t o  f o u r  paged b l ock s  occupyi ng t h e  same a r e a  i n  t h e  memory 
map of  t he  comput er .  I t  was t h e r e f o r e  nec es s ar y  t o  i n c l u d e  r o u t i n e s  
i n  t h e  image a n a l y s i s  s o f t w a r e  t o  s w i t c h  between t he s e  pages (or  
b l o c k s )  of  memory.  The e f f e c t  of  t h i s  can be seen i n  t he  r o u t i n e s  t o  
read or  w r i t e  a p i x e l  i n  COMPOS ( s u b r o u t i n e  PIC_RW) where i t  was 
n e c es s ar y  t o  c a l c u l a t e  which b l ock  of  memory c o n t a i n e d  t he  r e l e v a n t  
p i x e l ,  s w i t c h  t o  t h a t  page and then t o  a d j u s t  t he  X and Y c o o r d i n a t e  
p r o v i de d  t o  t a k e  account  of  memory pag i ng .
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The l a c k  o-f a t r u e  compi l ed  h i gh l e v e l  l anguage  i n which to  
w r i t e  t he  image a n a l y s i s  s o f t w a r e  meant t h a t  i t  was n ec essar y  t o  use 
6502 machine code f o r  any s e r i o u s  image a n a l y s i s  s o f t w a r e  s i n c e  usi ng  
t h e  BASIC i n t e r p r e t e r  would have produced code t h a t  ran t oo slow t o  
be u s a b l e .  The devel opment  of  t h i s  s o f t w a r e  was f a c i l i t a t e d  by t he  
f a c t  t h a t  t he  BASIC i n t e r p r e t e r  on t he  BBC mi cr ocomput er  s uppor t ed  an 
i n l i n e  ASSEMBLER. Th i s  meant t h a t  s o f t w a r e  cou l d  be w r i t t e n  and 
t e s t e d  i n t e r a c t i v e l y .
Al though s o f t w a r e  w r i t t e n  i n  6502 machine code o f f e r e d  t he  speed 
necessar y  f o r  t he  image a n a l y s i s  t e c h n i q u e s  r e q u i r e d ,  i t  was prone t o  
a number of d i f f i c u l t i e s .  I n i t i a l  t e s t i n g  of  s o f t w a r e ,  even when 
w r i t t e n  i n a modular  f a s h i o n ,  was v e r y  s low as l o g i c a l  e r r o r s  in t he  
program i n v a r i a b l y  caused t he  mi c r ocomput er  t o  ' c r a s h '  ( i e  stop
worki ng c o r r e c t l y )  g i v i n g  no i n d i c a t i o n  as t o  what  had happened or
why. Lar ge machine code pr ogr ams,  such as COMPOS, became
i n c r e a s i n g l y  d i f f i c u l t  t o  modi f y  as t h e i r  s i z e  and c o m p l e x i t y
i n c r e a s e d  and were i n v a r i a b l y  prone t o  s u b t l e  ( i e  n o n - c r a s h i n g )  bugs.  
C o n s i d e r i n g  t h e  machine code program COMPOS (Appendi x 2 ) ,  t he  s i z e  
and c o m p l e x i t y  of  t he  code meant t h a t  i t  was e v e n t u a l l y  nec es s ar y  t o  
accept  a l e s s  than o p t i ma l  s o l u t i o n  t o  g e n e r a t i n g  compos i t e  images  
mer e l y  because i t  became too d i f f i c u l t  t o  c o n t i n u a l l y  make smal l  
m o d i f i c a t i o n s  i n an a t t e m p t  t o  i mprove t he  r e s u l t s .
The d i f f i c u l t i e s  i n d e v e l o p i n g  s o f t w a r e  were compounded by t he  
i n a b i l i t y  t o  d i s p l a y  t he  d i g i t i s e d  images w i t h  t he  b r i g h t n e s s
r e s o l u t i o n  a t  which t hey  were c a p t u r e d  u n l e s s  t he  da t a  was
t r a n s f e r r e d  t o  t he  g r a p h i c s  work s t a t i o n  in t he  mi c r o p r o c e s s o r  u n i t .  
W h i l s t  such a t r a n s f e r  was p o s s i b l e ,  t he  g r a p h i c s  w o r k s t a t i o n  was 
o n l y  a v a i l a b l e  on an i n t e r m i t t e n t  b a s i s  and t hen on l y  o v e r n i g h t .  
F u r t h e r m o r e ,  t he  method used t o  t r a n s f e r  da t a  r e q u i r e d  a p p r o x i m a t e l y  
90 mi nutes f o r  a s i n g l e  d i g i t i s e d  image and was v e r y  prone t o
t r a n s m i s s i o n  e r r o r s  ( i e  1 i n  3 t r a n s f e r s  f a i l e d  ) which caused t he
l oss  of t he  da t a  on t he  d e s t i n a t i o n  machi ne.
The l a ck  of  a f a c i l i t y  t o  e a s i l y  d i s p l a y  d i g i t i s e d  images o t h e r  
than on t h e  g r a p h i c s  screen of  t h e  BBC mi cr ocomput er  meant  t h a t  i t  
was somet imes v e r y  d i f f i c u l t  t o  d e t e r m i n e  i f  changes t o  t h e  s o f t w a r e  
a c t u a l l y  improved t he  q u a l i t y  of  t h e  compos i t e  image pr oduced.
The a b i l i t y  t o  produce i s o m e t r i c  p r o j e c t i o n s  of  t h e  d i g i t i s e d  
images would have r e l i e v e d  t h e  d i s p l a y  probl em t o  a l a r g e  e x t e n t ,  
however ,  t he  s o f t w a r e  t o  do t h i s  was not  deve l oped  u n t i l  a f t e r  t he
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c o l l e c t i o n  and a n a l y s i s  of d i g i t i s e d  images had been compl e t ed .
D e s p i t e  t h e  l i m i t a t i o n s  d e s c r i b e d  above i t  has been demonst r a t ed  
t h a t  t h e  t e c h n i q u e  deve l oped  -for measur i ng t h e  s i z e  and d i s t r i b u t i o n  
o-f a dh e r e n t  p a r t i c l e s  on a s i n g l e  c a r r i e r  p a r t i c l e  i s  f e a s i b l e  and 
t h a t  a s i g n i f i c a n t  amount of  d a t a  can be o b t a i n e d  f rom a s i n g l e  
o r d e r e d  u n i t  r a p i d l y ,  and i n  a r e l i a b l e  and c o n s i s t e n t  manner.
3 . 3 . 2 . 2  Hardware m o d i f i c a t i o n s .
As s u p p l i e d ,  t he  Mi cr oeye  v i d e o  d i g i t i s i n g  i n t e r f a c e  was on l y  
connect ed  t o  t he  user  p o r t  of  t h e  BBC mi c r ocomput e r .  T h i s  c on n e c t i o n
o n l y  a l l o w e d  t he  f o u r  most s i g i n f i c a n t  b i t s  of  g r ey  l e v e l  i n f o r m a t i o n
a v a i l a b l e  t o  be used.  T h i s  r e s o l u t i o n  was s u f f i c i e n t  f o r  t he  
s o f t w a r e  s u p p l i e d  w i t h  t he  i n t e r f a c e  but  i n a d e q u a t e  f o r  t h e  image 
p r o c e s s i n g  t e c h n i q u e s  a c t u a l l y  used.  In o r d er  t o  ga i n  access t o  t he  
f u l l  8 b i t s  of  gr ey  l e v e l  i n f o r m a t i o n  i t  was nec e s s a r y  t o  t r a n s f e r  
t h e  d a t a  l i n e s  t o  t h e  1MHz bus us i ng  a second c o n n e c t o r .  Thi s  
m o d i f i c a t i o n  i n v o l v e d  t he  c o n s t r u c t i o n  of  a new c o n n e c t i n g  l ead
between t h e  BBC mi cr ocomput er  and t h e  d i g i t i s i n g  i n t e r f a c e  where t he  
c o n t r o l  l i n e s  were connect ed t o  t he  user  p o r t  and t he  da t a  l i n e s  
connect ed t o  t h e  1MHz bus.  The f i n a l  c a b l e  c o n s i s t e d  of  t he  o r i g i n a l  
c a b l e  s u p p l i e d  f o r  t h e  mi cr oeye  i n t e r f a c e  which had had t he  1MHz bus 
c a b l e  s o l d e r e d  t o  i t  a t  t he  p l ug f o r  t h e  mi c r oeye  i n t e r f a c e .
Once t h i s  had been done,  i t  was p o s s i b l e  t o  read t h e  v a l u e  
p r e s e n t e d  on t h e  d a t a  l i n e s  by exami ni ng any of  t h e  v a l i d  addr esses  
i n  t h e  two pages of  memory a l l o c a t e d  t o  t h e  c o n t r o l  of  t h e  1MHz bus 
( i e  &FC and & F D) . In t he  event  t h e  a d d r e s s ,  &FD00 was used a l t h o u g h  
any o t h e r  a ddr ess  i n  t h e  r ange &FC00 t o  &FBFF would have been
s a t i s f a c t o r y .  I t  shou l d  however be noted t h a t  t h i s  s o l u t i o n  was onl y  
v i a b l e  because no o t h e r  i t ems of  equipmemt were a t t a c h e d  t o  t he  1MHz 
bus.  I f  t h i s  had not  been t h e  case i t  would have been nec e s s a r y  to  
c o n s t r u c t  t he  a p p r o p r i a t e  addr ess  decodi ng c i r c u i t r y  ( 2 2 1 ) t o  ensure  
t h a t  r e a d i n g  t h e  a dd r e ss  &FD00 on l y  s e l e c t e d  t he  d i g i t i s i n g  i n t e r f a c e  
and not  any o t h e r  d e v i c e s  a t t a c h e d  t o  t h e  1MHz bus.
I t  a l s o  proved n ec es s ar y  t o  modi f y  t he  c o n n e c t i o n s  of  t he  
s o l i  di  sk 128 k s i deways  ram board t o  a vo i d  c o n f l i c t i n g  use of  t he  user  
p o r t .  I t  was p o s s i b l e  t o  connect  t he  s i deways ram board t o  the  
s t a n d a r d  pag i ng  r e g i s t e r  so t h a t  r e a d i n g  and w r i t i n g  were c o n t r o l l e d  
t o g e t h e r  r a t h e r  t han i n d e p e n d e n t l y .  The o n l y  change t h i s  made t o  t he  
u s a b i l i t y  of  t h e  s i deways  ram board was t h a t  i t  was no l o n g e r
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p o s s i b l e  t o  l oad f i l e s  d i r e c t l y  i n t o  t he  s i deways  ram a r e a .  Th i s
f a c i l i t y  would o n l y  have made a ma r g i n a l  i mprovement  t o  t h e  image
a n a l y s i s  s o f t w a r e  as i t  was s t i l l  n ec es s ar y  t o  copy a s i deways  ram 
a r e a  i n t o  t h e  s t a n d a r d  user  a r e a  of  memory b e f o r e  i t  coul d  be saved  
t o  d i s c .
3 . 3 . 2 . 3 .  The UV f l u o r es c e n c e  microscope.
Two pr obl ems were e nc ount e r ed  d u r i n g  f l u o r e s c e n c e  mi c r oscopy .  
The f i r s t  was due t o  v a r i a t i o n s  i n t he  i n t e n s i t y  of  t h e  UV l i g h t
s o u r c e .  These v a r i a t i o n s  were g e n e r a l l y  seen as changes of  i n t e n s i t y
over  p e r i o d s  of  s e v e r a l  seconds and caused t he  r e s u l t a n t  f l u o r e s c e n c e  
of a d h e r e n t  p a r t i c l e s  t o  v a r y  as w e l l .  These v a r i a t i o n s  i n  UV
i n t e n s i t y  were mo s t l y  overcome by a v e r a g i n g  s u c c e s s i v e  d i g i t i s e d  
images and by a l l o w i n g  f o r  a smal l  v a r i a t i o n  i n  b r i g h t n e s s  when 
p r o c e s s i n g  by BCOMPQS.
The second pr ob l em,  common t o  f l u o r e s e n c e  mi c r o sc o p y ,  was t h a t  
t h e  f l u o r e s c e d  l i g h t  e m i t t e d  f rom t h e  a d h e r e n t  p a r t i c l e s  was not  
c o h e r e n t .  T h i s  meant  t h a t  t he  c a r r i e r  s u r f a c e  i m m e d i a t e l y  a d j a c e n t  
t o  t he  a d h e r e n t  p a r t i c l e s  was i l l u m i n a t e d  by t h e  f l u o r e s c e n c e  from 
t he  a d h e r e n t  p a r t i c l e s .  The e f f e c t  of  t h i s  was t o  i n c r e a s e  t he  
a p p a r e n t  s i z e  of  t h e  a dhe r en t  p a r t i c l e s  s l i g h t l y  and a l s o  t o  obscure  
some of  t h e  d e t a i l  of  t he  p e r i m e t e r  of  t he  a d h e r e n t  p a r t i c l e  ( P l a t e
3 . 3 0 )  as p e r c e i v e d  by t he  human eye .  These probl ems were not
c on s i d e r e d  t o  be s e r i o u s  and had l i t t l e  or  no i mpact  on image 
d i g i t i s a t i o n  because i n t he  m a j o r i t y  of  cases t he  r e s o l u t i o n  of  t he  
mi cr oeye  i n t e r f a c e  was i n s u f f i c i e n t  t o  r e s o l v e  t he  e f f e c t s  due t o  
f 1 uor e s c e n c e .
One p o t e n t i a l  a r ea  f o r  i mprovement  would have been t o  have had 
t he  computer  c o n t r o l l i n g  both t h e  s t a g e  and f ocus  c o n t r o l s  of  t he
mi c r osc ope .  T h i s  would have a l l o w e d  t he  c a r r i e r  p a r t i c l e s  t o  be
p o s i t i o n e d  i n  t h e  same p l a c e  on t he  s t a g e  when be i ng  r e - e x a mi n e d  
a f t e r  c e n t r i f u g a t i o n .  Computer  c o n t r o l  of  t h e  f ocus  of  t he
mi cr oscope  would have a l l owe d  much s m a l l e r  changes i n  t h e  f i n e  f ocus
t o  be made d u r i n g  t h e  c o l l e c t i o n  of  d i g i t i s e d  i mages.  The a b i l i t y  t o
c o n t r o l  t h e  f o c u s  of  t he  mi cr oscope  i n such a manner would have  
reduced t he  need t o  s t o r e  a s e r i e s  of  d i g i t i s e d  images on f l o p p y  
d i s c .  I n s t e a d ,  i t  would have been p o s s i b l e  t o  a n a l y s e  each d i g i t i s e d  
image w i t h  r e f e r e n c e  t o  t he  compos i t e  image as i t  was c o l l e c t e d .  
Th i s  f a c i l i t y  would have reduced any o p e r a t o r  i n v o l v e m e n t  i n  t he
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c o l l e c t i o n  of  d i g i t i s e d  images and t h e r e f o r e  reduced t he  p o s s i b i l i t y  
of any e r r o r s  o c c u r r i n g .
3 . 3 . 3 .  Methods.
3 . 3 . 3 . 1 .  P r e pa r a t i o n  of  ordered u n i t s  of  Elcema 6250 and t r i a m t e r e n e  
f o r  d i g i t i s a t i o n .
Ordered u n i t s  of  Elcema G250 and t r i a m t e r e n e  were pr e pa r e d  by 
hand s ha k i n g  i n  a g l a s s  j a r  f o r  a p p r o x i m a t e l y  10 mi n u t es .  Smal l  
samples of  t he  o r d e r e d  u n i t s  were then s p r i n k l e d  onto a smal l  br ass  
p l a t e  ( Ch a p t e r  4) smeared w i t h  a t h i n  l a y e r  of  a r a p i d l y  s e t t i n g  
adhesi  v e .
The a b i l i t y  of  t he  a d h e s i ve  t o  f i x  t h e  sampled o r der ed  u n i t s  was 
t e s t e d  by c e n t r i f u g i n g  a t  5 0 , 0 0 0  rpm. E x a mi n a t i o n  of  p l a t e s  3 . 1  and
3 . 2  showed t h a t  some of  t he  o r d e r e d  u n i t s  were t o t a l l y  or p a r t i a l l y  
removed by t h i s  o p e r a t i o n .  The m a j o r i t y  of t h e  c a r r i e r  p a r t i c l e s  
appear  t o  be u n a f f e c t e d  by c e n t r i f u g a t i o n  a l t h o u g h  some d i s t o r t i o n  of  
t h e  body of  t h e  p a r t i c l e  must have o c c u r r e d .
The o r d e r e d  u n i t s  r e ma i n i n g  a f t e r  c e n t r i f u g a t i o n  were examined  
us i ng  scanni ng  e l e c t r o n  mi croscopy  t o  d e t e r m i n e  t he  e x t e n t  of  
p e n e t r a t i o n  of  t h e  a d h e s i v e  i n t o  t he  Elcema G250 p a r t i c l e s .  
E x a m i n a t i o n  of  p l a t e s  3 . 3  and 3 . 4  showed t h a t  e x t e n s i v e  s u r f a c e  
d e t a i l  was v i s i b l e  i n d i c a t i n g  t h a t  t he  a d h e s i v e  had o n l y  p e n e t r a t e d  a 
smal l  d i s t a n c e  i n t o  t he  Elcema 6250 p a r t i c l e s .  Using t h i s  
o b s e r v a t i o n  i t  was assumed t h a t  any a d h e r e n t  p a r t i c l e s  p r e s e n t  had 
not  been g l ued  t o  t he  s u r f a c e  of  t he  c a r r i e r  p a r t i c l e .  I t  i s  
i n e v i t a b l e  however  t h a t  a dh e r e n t  p a r t i c l e s  c l o s e  t o  t h e  boundary  
between t h e  Elcema 6250 p a r t i c l e  and a d h e s i v e  be p e r m a n e n t l y  f i x e d  in  
p l a c e .  No a t t e m p t s  were made t o  i d e n t i f y  such p a r t i c l e s  d u r i n g  t he  
p r o d u c t i o n  of  compos i t e  images.
Al t hough no a d h e r e n t  p a r t i c l e s  appear ed t o  be l o s t  f rom t he  
Elcema G250 c a r r i e r  p a r t i c l e s  when be i ng  s p r i n k l e d  ont o  t h e  a dh e s i v e  
i t  i s  p o s s i b l e  t h a t  v e r y  l o o s e l y  bound a dh e r en t  p a r t i c l e s  would have  
a l r e a d y  been l o s t  p r i o r  to removal  f rom b u l k .  T h i s  p o s s i b l i l i t y  
cannot  be v e r y  g r e a t  as o b s e r v a t i o n  of  t he  bu l k  powder a f t e r  m i x i n g ,  
us i ng  UV f l u o r e s e n c e ,  d i d  not  show any e v i d e n c e  f o r  t he  pr esence  of  
s i g n i f i c a n t  amounts of  unmixed t r i a m t e r e n e  p a r t i c l e s .  For p r a c t i c a l  
pur poses  i t  was assumed t h a t  a l l  t he  t r i a m t e r e n e  used t o  p r e p a r e  t he  
m i x t u r e  was bound t o  t h e  c a r r i e r  p a r t i c l e  and cou l d  not  be d i s l o d g e d
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when t he  c a r r i e r  p a r t i c l e s  were s p r i n k l e d  onto t he  a d h e s i v e .
3 . 3 . 3 . 2 .  C o l l e c t i o n  of  d i g i t i s e d  images.
D i g i t i s e d  images were c a p t u r e d  us i ng  t h e  D I G I T I SE  o p t i o n  in  
SPR128 (Appendi x  2 ) .  Th i s  o p t i o n  c a l l e d  a machine code program 
( e i t h e r  DIG1 <A2 . 3 ) ,  DIG2 ( A2 . 4 )  or DIG3 ( A 2 . 5 )  i f  us i ng  SUPER 
v e r s i o n  2 ( A 2 . 1 3 )  which a c t u a l l y  d e a l t  w i t h  t h e  i n t e r f a c e  between t he  
image d i g i t i s e r  and t he  BBC m i c r o c o m p u t e r . As d e s c r i b e d  above,  t he  
d i g i t i s i n g  i n t e r f a c e  o p er a t ed  on a s low scan p r i n c i p l e ,  d i g i t i s i n g  
one column of  p i x e l s  f o r  each v i d e o  f r ame scanned.  T h i s  meant t h a t  
upt o  64j is were a v a i l a b l e  f rom when t he  d i g i t i s e d  d a t a  was 
( t h e o r e t i c a l l y )  a v a i l a b l e  on t he  1MHz bus t o  when t h e  d a t a  was 
i n v a l i d .  T h i s  64>is p e r i o d  was s u f f i c i e n t  t o  a l l o w  t h e  most r e c e n t l y
d i g i t i s e d  p i x e l  v a l u e  t o  be added t o  t h e  sum of  t he  p r e v i o u s  v a l u e s
o b t a i n e d  f o r  t h a t  p i x e l .  D i g i t i s e d  images cou l d  t h e r e f o r e  be 
s e q u e n t i a l l y  summed p r o v i de d  t h a t  both f r ame b u f f e r s  were used to  
hol d  t he  16 b i t  numbers g e n e r a t e d .
The a dv a n t a g e  of  be i ng a b l e  t o  sum t he  d a t a  f o r  s e q u e n t i a l
d i g i t i s e d  images was t h a t  t h e  q u a l i t y  of  t he  image was improved as
t h e  e f f e c t  of  n o i s e  due t o  e l e c t r i c a l  s p i k e s  and low l e v e l  r i p p l e  
were r e d uc ed .  By a v e r a g i n g  over  8 f rames  t h e  e f f e c t  of  any n o i se  
o c c u r r i n g  i n  one image was reduced t o  one e i g h t h  of  i t s  v a l u e  i n  t he  
f i n a l  aver aged  d i g i t a l  image.  Three  d i g i t i s i n g  r o u t i n e s  DIG1 ( A 2 . 3 ) ,  
DIG2 ( A2 . 4 )  and DIG3 ( A 2 . 5 ) ,  r e p r e s e n t i n g  t h r e e  d i s t i n c t  methods f o r  
a v e r a g i n g  t he  summed d i g i t i s e d  image d a t a ,  were employed d u r i n g  image 
a n a l y s i s  e x p e r i m e n t s .
The method used by DIG1 t o  produce an aver aged  image was t o  
r e p e a t e d l y  scan t he  d i g i t i s e d  i mage,  m u l t i p l y i n g  each p i x e l  v a l u e  by 
two on each pas s ,  u n t i l  such an o p e r a t i o n  would caused one of  t h e  16 
b i t  numbers r e p r e s e n t i n g  a p i x e l  t o  o v e r f l o w .  When t h i s  o cc u r r e d  t he  
f rame b u f f e r  c o n t a i n i n g  t he  l e a s t  s i g n i f i c a n t  8 b i t s  of  g r ey  l e v e l  
i n f o r m a t i o n  was d i s c a r d e d  t h e r e b y  p r oduc i ng  an aver aged  image wi t h  
o n l y  8 b i t s  of  g r ey  l e v e l  d a t a .  The e f f e c t  of  t h i s  pr ocess  was t o  
enhance t h e  b r i g h t n e s s  of  t he  c a p t u r e d  image so t h a t  a t  l e a s t  one 
p i x e l  was a l ways  s e t  t o  t he  maximum b r i g h t n e s s  v a l u e .
The d i s a d v a n t a g e  of  t h i s  pr ocess  was t h a t  a l l  images were  
a d j u s t e d  so t h a t  t he  r e cor de d  gr ey  s c a l e  a l ways  occupi ed  t he  h i g h e s t  
a v a i l a b l e  gr ey  l e v e l s .  D i g i t i s e d  images w i t h  a nar row b r i g h t n e s s  
range would t h e r e f o r e  become ' b r i g h t e r '  than images w i t h  wide grey  
l e v e l  r a n g e s .  For  example an image w i t h  an o r i g i n a l  g r ey  l e v e l  range
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of  1 t o  16 would be processed i n t o  an image w i t h  a g r ey  l e v e l  range  8 
t o  128 whereas an image w i t h  an o r i g i n a l  g rey  l e v e l  range of  1 t o  64 
would be pr ocessed  i n t o  an image w i t h  a g r ey  l e v e l  range  of  2  t o  128.  
As can be seen t h i s  process  has enhanced t he  c o n t r a s t  of  t he  f i r s t  
image by a g r e a t e r  amount then t h a t  of  t he  second and c o n s e q u e n t l y  
was not  used f o r  q u a n t i t a t i v e  work based on compar i ng d i f f e r e n t  
i mages.
The d i g i t i s i n g  r o u t i n e  DIG2 pr ocessed t h e  summed image by 
r e c o r d i n g  t he  v a l u e  of  t he  b r i g h t e s t  and l e a s t  b r i g h t  p i x e l s .  The 
v a l u e  of  t he  l e a s t  b r i g h t  p i x e l  was then s u b t r a c t e d  f rom t he  v a l u e  of  
t h e  b r i g h t e s t  p i x e l  t o  g i v e  t he  r ange  of  b r i g h t n e s s  l e v e l s  t h a t  had 
been r e c o r d e d .  F i n a l l y  t he  16 b i t  p i x e l  v a l u e s  f o r  t he  summed image 
were pr ocessed  by s u b t r a c t i n g  t he  v a l u e  of  t he  l e a s t  b r i g h t  p i x e l ,  
d i v i d i n g  by t he  b r i g h t n e s s  r ange p r e v i o s l y  c a l c u l a t e d  and then  
m u l t i p l y i n g  by 256 .  The r e s u l t  of  t h i s  a c t i o n  was t h a t  t h e  r e cor de d  
range  of  gr ey  l e v e l s  (based on 16 b i t  numbers)  was mapped ont o  t he  
r ange  0 t o  255 (an 8 b i t  g r ey  l e v e l  r a n g e ) .
A g a i n ,  t h i s  process  was not  s u i t a b l e  f o r  t he  q u a n t i t a t i v e  
compar i son of  images usi ng b r i g h t n e s s  because t h e  f u l l  r ange  of  0  t o  
255 was a l ways  used i r r e s p e c t i v e  of  t h e  grey  l e v e l  r ange  i n t he  
summed d i g i t i s e d  image.  The a dvant age  t h a t  t h i s  method d i d  o f f e r  
over  DIG1 was t h a t  t he  f u l l  r ange  of  c o n t r a s t  a v a i l a b l e  was a l ways  
used w i t h  a t  l e a s t  one p i x e l  hav i ng  t h e  v a l u e  255 and one p i x e l  
hav i ng  t h e  v a l u e  z e r o .  By c o n t r a s t  a d i g i t i s e d  image o b t a i n e d  us i ng  
DIG1 o n l y  had a g uar a n t e ed  maximum b r i g h t n e s s  of  128 ( a l t h o u g h  h i g h e r  
b r i g h t n e s s  v a l u e s  coul d be o b t a i n e d )  and a v a r i a b l e  minimum 
b r i g h t n e s s .
The d i g i t i s i n g  r o u t i n e ,  DIG3,  d i f f e r e d  f rom DIG1 and DIG2 in  
t h a t  no enhancement  of  e i t h e r  t h e  b r i g h t n e s s  l e v e l s  or t he  b r i g h t n e s s  
range was a t t e m p t e d .  I n s t e a d ,  t he  aver age  b r i g h t n e s s  v a l u e  f o r  each 
p i x e l  i n  t he  summed d i g i t i s e d  image was c a l c u l a t e d  by d i v i d i n g  t he  
v a l u e  of  t h e  p i x e l  by t he  number of f r ames  used t o  produce t he  image.  
Th i s  method r e t a i n e d  t he  b e n e f i t  of  summing over  a number of  f rames  
to  r educe  t h e  e f f e c t  of  s p i k e s  and low l e v e l  r i p p l e  and a l s o  a l l o we d
d i f f e r e n t  images t o  be compared on a q u a n t i t a t i v e  b a s i s  us i ng  
b r i g h t n e s s .
The a b i l i t y  t o  compare images us i ng  b r i g h t n e s s  was c o n s i d e r e d  t o  
be v e r y  i m p o r t a n t  because t h e  c o n s t r u c t i o n  of compos i t e  d i g i t i s e d
images was based on t he  f a c t  t h a t  t he  degr ee  t o  which any i n d i v i d u a l
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a d h e r e n t  p a r t i c l e  was focused was r e l a t e d  t o  t he  b r i g h t n e s s  of  t he  
image of t h a t  p a r t i c l e .  The r o u t i n e s  DIG1 and DIG2 modi f y  t he  
r e l a t i o n s h i p  between b r i g h t n e s s  and t he  degr ee  of  f ocus  i n a non 
l i n e a r  manner because when t he y  a r e  a p p l i e d  t o  a summed image t he  
f i n a l  b r i g h t n e s s  of  an a dh e r e n t  p a r t i c l e  i s  dependent  on e i t h e r  t he  
maximum b r i g h t n e s s  or t he  b r i g h t n e s s  r a n ge .  D i g i t i s e d  images  
o b t a i n e d  u s i ng  DIG3 cou l d  be compared i n a q u a n t i t a t i v e  manner  
because t he  f i n a l  image was not  dependent  on d a t a  o b t a i n e d  f rom 
w i t h i n  t h e  image i t s e l f .
3 . 3 . 3 . 3 .  The use of  i s o m e t r i c  p r o j e c t i o n s  of  d i g i t i s e d  images.
The a b i l i t y  t o  produce i s o m e t r i c  p r o j e c t i o n s  of  d i g i t i s e d  images  
was not  d ev e l o pe d  u n t i l  t he  c o l l e c t i o n  and a n a l y s i s  of  d i g i t i s e d  
images had been c ompl e t ed .  The devel opment  of  COMPOS was t h e r e f o r e  
c a r r i e d  out  w i t h o u t  any d e t a i l e d  v i s u a l  f eedback  r e g a r d i n g  t he  e f f e c t  
of minor  changes t o  t he  a r e a  compar i son a l g o r i t h m s .  As a r e s u l t  of  
t h i s ,  t h e  f i n a l  v e r s i o n  of  COMPOS was not  f u l l y  f u n c t i o n a l  ( i e  t he  
wrong d e c i s i o n  was o c c a s i o n a l l y  made) as t he  t i me  p e n a l t i e s  i n v o l v e d  
i n  making m o d i f i c a t i o n s  and check i ng  t h e  pr ocessed r e s u l t s  had become 
t oo  g r e a t .
The i s o m e t r i c  p r o j e c t i o n s  ( f i g u r e s  3 . 5  t o  3 . 2 8 )  of  t h e  d i g i t i s e d  
images ( p l a t e s  3 . 5  t o  3 . 2 8 )  have been drawn us i ng  t he  f u l l  256x256  
s p a t i a l  r e s o l u t i o n  of  t he  image and a l l  t h e  256 g r ey  l e v e l  r e s o l u t i o n  
a v a i l a b l e .  These p r o j e c t i o n s  would have been e x t r e m e l y  u s e f u l  when 
d e v e l o p i n g  COMPOS as a r e c o r d  of  how t h e  compos i t e  image changed as 
subsequent  images were examined would have a l l o we d  a more 
compr ehens i ve  s e t  of  r u l e s  f o r  d e t e r m i n i n g  f ocused a d h e r e n t  p a r t i c l e s  
t o  be d e v e l o p e d .
The ease w i t h  which t hese  p r o j e c t i o n s  were produced e f f e c t i v e l y  
makes them more u s a b l e  than t he  phot ogr aphs  o b t a i n e d  f rom t he  hi gh  
r e s o l u t i o n  g r a p h i c s  d i s p l a y  i n t he  mi cro p r o c e s s o r  u n i t .  The 
adv ant age  of  t h e s e  p r o j e c t i o n s  i s  e a s i l y  de mon s t r a b l e  because t hey  
show t h e  s i g n i f i c a n c e  of  t he  background a u t o f l u o r e s c e n c e  of  t he  
Elcema G250 p a r t i c l e .  Had t h i s  i n f o r m a t i o n  been a v a i l a b l e  d u r i n g  t he  
devel opment  of  COMPGS then i t  i s  a l most  c e r t a i n  t h a t  more emphasis  
would have been p l a c e d  on r e d u c i n g  t h i s  e f f e c t .  Th i s  would have  
a l l o w e d  t h e  s i z e  of  t h e  a dh e r en t  p a r t i c l e s  measured t o  be reduced  
because t h e  s i d e  e f f e c t s  of  c l i p p i n g  a t  a f i x e d  l e v e l  would have been 
reduced or f u l l y  e l i m i n a t e d .
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3 . 3 . 3 . 4 .  P roduc t i on  of  composi te images.
The compos i t e  image shown i n p l a t e  3 . 2 8  i n d i c a t e s  t h a t  t he  
method used t o  i s o l a t e  t he  images of  t h e  f ocused a d h e r e n t  p a r t i c l e s  
o p e r a t e s  c o r r e c t l y  f o r  a s i g n i f i c a n t  p r o p o r t i o n  of  t he  a d h e r e n t  
p a r t i c l e s .  However ,  t h e r e  a r e  i n c i d e n c e s  where an a dh e r e n t  p a r t i c l e  
can be i d e n t i f i e d  i n  one of  t he  c o n t r i b u t i n g  images but  not  i n  t he  
compos i t e  image or where t he  image of  a p a r t i c l e  in t he  composi t e  
image does not  r e p r e s e n t  t he  most f ocused image of  t h a t  p a r t i c l e .
These o b s e r v a t i o n s  a r e  due t o  t he  use of  f l u o r e s c e n c e  mi croscopy  
d e f i c i e n c i e s  i n  t he  a l g o r i t h m  used f o r  d e t e c t i n g  f ocused p a r t i c l e s .  
When two or more a dhe r en t  p a r t i c l e s  a r e  p l aced  v e r y  c l o s e l y  t o g e t h e r  
t hen t he  f l u o r e s c e d  l i g h t  which t he y  emi t  can i l l u m i n a t e  t h e  a r ea  
between them so t h a t  i t  appears  much b r i g h t e r  than would be t h e  case  
i f  o n l y  one p a r t i c l e  were p r e s e n t .  T h i s  e f f e c t  i s  due t o  t he  
i n c o h e r e n c e  of  f l u o r e s c e d  l i g h t .  When t he s e  p a r t i c l e s  a r e  examined  
by COMPOS i t  i s  not  p o s s i b l e  t o  s e p a r a t e  them and as a consequence
t h e y  a r e  t r e a t e d  as a s i n g l e  p a r t i c l e .
The a l g o r i t h m  f o r  d e t e c t i n g  f ocused p a r t i c l e s  was deve l oped  
w i t h o u t  b e i ng  a b l e  t o  obser ve  t h e  e f f e c t s  t h a t  programming changes  
made t o  t h e  f i n a l  composi t e  i mages.  I t  was t h e r e f o r e  expec t ed  t h a t  
t h e  a l g o r i t h m  would not  be f u l l y  a c c u r a t e  and t h i s  i s  seen t o  be t he  
case .  S e v e r a l  changes were made t o  COMPOS d u r i n g  i t s  devel opment  
however ,  w i t h  each change t h e  c o m p l e x i t y  of  t he  program made f u r t h e r  
changes more d i f f i c u l t .  However ,  t he  p r i m a r y  o b j e c t i v e  which image  
a n a l y s i s  was used t o  demons t r a t e  was t h a t  t he  method f o r  d e t e c t i n g  
f ocused a d h e r e n t  p a r t i c l e s  was f e a s i b l e  and t h a t  a s i g n i f i c a n t  amount  
of u s a b l e  i n f o r m a t i o n  coul d be g e n e r a t e d  and in t h i s  sense COMPOS was 
f u l l y  a de qua t e  f o r  i t s  purpose .
The d e t e c t i o n  of  t he  a dh e r e n t  p a r t i c l e s  was based on t h e  f a c t  
t h a t  t he y  f l u o r e s c e d  when exposed t o  u l t r a  v i o l e t  l i g h t .  Thi s  
r esponse  i s  r a t h e r  a r t i f i c i a l  when p h a r m a c e u t i c a l  systems i n g e n e r a l  
a r e  c o n s i d e r e d  because in t he  m a j o r i t y  of  cases no f l u o r e s c e n c e  would 
o c c u r .  The use of  s t a n da r d  l i g h t  mi croscopy  would not  improve  t he  
s i t u a t i o n  because p h a r m a c e u t i c a l  m a t e r i a l s  a r e  g e n e r a l l y  w h i t e  or
appear  w h i t e .  Co ns e que nt l y  a d h e r e n t  p a r t i c l e s  would be i n v i s i b l e
because t he y  would appear  as w h i t e  o b j e c t s  on a w h i t e  background.
One s o l u t i o n  t o  t he  probl em of  d e t e c t i n g  such a d h e r e n t  p a r t i c l e s  
would be t o  use t he  p r o p e r t y  t h a t  d i f f e r e n t  m a t e r i a l s  w i l l  absorb  
d i f f e r e n t  wa v e l e ng t h s  of  l i g h t .  I t  shoul d t h e r e f o r e  be p o s s i b l e  t o
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i l l u m i n a t e  t he  or der ed  u n i t s  us i ng a v e r y  nar row spect rum of  l i g h t ,  
such as t h a t  p r o v i d e d  by a monochromator ,  so t h a t  t he  a dh e r en t  
p a r t i c l e s  appear  as dark o b j e c t s  on a l i g h t  background or  l i g h t  
o b j e c t s  on a dar k  background.  Where n e c e s s a r y ,  d i f f e r e n t  d i g i t i s e d  
images cou l d  be c a p t u r e d  us i ng d i f f e r e n t  w a ve l e ng t h s  of  l i g h t  so t h a t  
t h e  d i f f e r e n c e s  between t he  a d h e r e n t  p a r t i c l e s  and t he  c a r r i e r  
s u b s t r a t e  can be emphasi sed.
Al t hough  COMPOS was o n l y  concerned w i t h  p r oduc i ng  images of  
f ocused p a r t i c l e s  a f u r t h e r  deve l opment  would be t h e  g e n e r a t i o n  of  a 
t h r e e  d i m e n s i o n a l  p r o j e c t i o n  showing t he  d i s t r i b u t i o n  of  t he  
p a r t i c l e s  over  t h e  s u r f a c e  of  t he  c a r r i e r  a r t i c l e .  The i n f o r m a t i o n  
f o r  such a p r o j e c t i o n  i s  a l r e a d y  known i n t erms of  t he  f ocus  c o n t r o l  
of  t h e  mi c r o s c o p e .  In a d d i t i o n ,  i f  t h e  computer  were a b l e  t o  change  
o b j e c t i v e s ,  i t  would even be p o s s i b l e  t o  ga i n  some i n f o r m a t i o n  on t he  
o r i e n t a t i o n  of  t h e  p a r t i c l e s  on t he  c a r r i e r  s u r f a c e .  T h i s  coul d  be 
done by s ca nn i ng  a s i n g l e  a dh e r e n t  p a r t i c l e  i n  a s i m i l a r  manner t o  
t h e  o r d e r e d  u n i t  and u t i l i s i n g  t he  f a c t  t h a t  an edge i s  i n  f ocus  when 
t h e  gr ey  l e v e l  t r a n s i t i o n  acr oss  i t  i s  a t  a maximum.
A c t i v i t i e s  such as t hese  would b e n e f i t  f rom us i ng  a f rame b u f f e r  
a r r a y  l a r g e r  t han 256x256 p i x e l s  so t h a t  t he  s p a c i a l  r e s o l u t i o n  of  
t h e  d i g i t i s e d  images was g r e a t e r  and by p r o v i d i n g  t h e  f a c i l i t y  t o  
v i ew t h e  d i g i t i s e d  images a t  t h e i r  f u l l  g r ey  l e v e l  r e s o l u t i o n .
3 . 3 . 3 . 5 .  A n a l y s i s  of  t he composi te image.
Measurement  of  t he  p o s i t i o n  and s i z e  of  t h e  a d h e r e n t  p a r t i c l e s  
i n  a c ompos i t e  image r e p r e s e n t s  a s i mp l e  programming t a s k .  However ,  
t h e  d a t a  produced by such an a n a l y s i s  r e p r e s e n t s  a v e r y  s i g n i f i c a n t  
i n c r e a s e  i n  t h e  knowledge of  t h e  b e h a v i o u r  of  a s i n g l e  o r d er ed  u n i t ,  
p a r t i c l u l a r y  as s i m i l a r  t ypes  of  knowl edge have p r e v i o u s l y  been 
v i r t u a l l y  i m p o s s i b l e  t o  o b t a i n .
Ta b l e  3 . 1  shows t he  da t a  produced by t he  t he  use of  proc ANALYSE 
i n  SPR128 on t he  compos i t e  i mage.  Th i s  d a t a  can be f u r t h e r  processed  
t o  c a l c u l a t e  t h e  X and Y F e r e t  d i a m e t e r s  of  t he  a d h e r e n t  p a r t i c l e s  
( T a b l e  3 . 2 ) ,  t h e  e l l i p s o i d a l  a r ea  of  t h e  p a r t i c l e s  ( T a b l e  3 . 2 )  and 
t h e  r a t i o  between t he  measured a r e a  and t h e  e l l i p s o i d a l  a r e a ,  a t ype  
of shape f a c t o r  ( T a b l e  3 . 2 ) ,  t he  mean p a r t i c l e  s i z e s  ( T a b l e  3 . 3 )  and 
h i s t o g r a ms  of  t he  d i f f e r e n t  p a r a me t e r s  measured ( T a b l e  3 . 4 ) .
The mean X and Y F e r e t  d i a m e t e r s  and t he  mean c r oss  s e c t i o n a l  
ar ea  i n d i c a t e  t h a t  t he  m a j o r i t y  of  t he  a dh e r en t  p a r t i c l e s  a r e  smal l
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as few p a r t i c l e s  have X and Y F e r e t  d i m e t e r s  g r e a t e r  than 4 p i x e l s .  
T h i s  o b s e r v a t i o n  i s  suppor t ed  by c o n s i d e r a t i o n  of  t h e  c r oss  s e c t i o n a l  
a r e a s  of t he  p a r t i c l e s  ( T a b l e  3 . 4 )  where a p p r o x i m a t e l y  757. a r e  l e s s
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t han 10 p i x e l s ' - .  Ex ami na t i on  of  t he  h i s t o g r a m d a t a  ( T a b l e  3 . 4 )  a l s o  
i n d i c a t e s  t h a t  t he  measured d i s t r i b u t i o n  i s  v e r y  b i a s e d  t owards  t he  
s m a l l e r  p a r t i c l e s .  Th i s  would suggest  t h a t  a s i g n i f i c a n t  number of  
t h e  s m a l l e r  a d h e r e n t  p a r t i c l e s  have not  been measured due t o  t he  
p o l i c y  of  d i s c a r d i n g  a r e a s  of  l e s s  than t h r e e  p i x e l s  du r i n g  t he  
c o m p i l a t i o n  of  t he  compos i t e  image.  T h i s  p o l i c y  was adopted to  
p r e v e n t  s p u r i o u s  p a r t i c l e s  bei ng i n t r o d u c e d  due t o  t he  s i d e  e f f e c t s  
of c l i p p i n g  a t  a f i x e d  l e v e l  in t he  f i r s t  phase of  COMPOS.
The p a r t i c l e  dat a  produced by proc ANALYSE can,  i n  g e n e r a l ,  be 
c o n s i d e r e d  t o  be a c c u r a t e .  However ,  i t  shoul d be r e a l i s e d  t h a t  some 
degree  of  e r r o r  has been i n t r o d u c e d  because of  t h e  r e l a t i v e l y  smal l
s i z e  of  t he  a d h e r e n t  p a r t i c l e s  when compared t o  t he  s i z e  of  t he
i n d i v i d u a l  p i x e l s  i n  t he  image.  For example a s i n g l e  p i x e l  e r r o r  in  
measur i ng an a r e a  of  16 p i x e l s ^  i s  a p p r o x i m a t e l y  67. of  t he  f i n a l  
t o t a l  whereas  i t  i s  507. of  an a r ea  of  2 p i x e l s ^ .
B e t t e r  d a t a  coul d be o b t a i n e d  by i n c r e a s i n g  t h e  r e s o l u t i o n  w i t h  
which a d i g i t i s e d  image was c a p t u r e d  f rom 256x256  t o  5 12x512 ,  
1024x1024 or  even (as on t h e  Z e i ss  IBAS system)  4096x4096  p i x e l s .  
A l t e r n a t i v e l y ,  as a l r e a d y  ment i oned above ,  each a d h e r e n t  p a r t i c l e  
coul d be examined a t  a h i g h e r  m a g n i f i c a t i o n  t h e r e b y  i n c r e a s i n g  t he
number of  p i x e l s  needed t o  measure i t s  a r e a .  Such an a n a l y s i s  would
r e q u i r e  a s i g n i f i c a n t  degree  of  au t o ma t i o n  and v a s t l y  g r e a t e r  
comput ing power t o  reduce  t h e  a n a l y s i s  t i me  t o  a r e a s o n a b l e  l e n g t h .
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P a r t i c l e Mi n i  mum Maxlmum Mini  mum Max i mum Area Cumul at i ve
number Y Y X X Area
( p i x e l ) ( p i x e l ) ( p i x e l ) ( p i x e l ) ( p i x e l s 2 ) ( p i x e l s 2 )
1 4 5 118 119 3 3
2 9 11 133 135 7 10
3 31 34 161 163 9 19
4 33 37 186 189 16 35
5 34 35 143 144 3 38
6 45 46 164 166 6 44
1 47 49 161 163 8 52
8 58 59 69 70 4 56
9 61 62 180 182 4 60
10 62 64 72 75 10 70
11 62 67 82 85 16 8 6
12 63 65 114 115 5 91
13 63 65 1 2 0 1 2 2 9 1 0 0
14 6 8 69 6 6 6 8 5 105
15 6 8 70 93 96 12 117
16 70 74 11 1 2 2 19 136
17 73 76 132 135 15 151
IB 76 82 54 61 42 193
19 78 81 76 77 7 2 0 0
2 0 81 82 145 146 4 204
21 81 83 155 156 6 2 1 0
2 2 82 8 6 89 94 27 237
23 82 83 104 105 4 241
24 85 8 6 50 51 3 244
25 85 87 61 63 9 253
26 8 6 89 99 103 16 269
27 87 8 8 126 127 4 273
28 8 8 89 91 92 4 277
29 89 94 84 89 16 293
30 90 91 97 98 4 297
31 93 94 109 1 1 0 3 300
32 94 95 177 178 3 303
33 95 97 162 163 5 308
34 96 98 6 8 70 9 317
35 98 99 107 108 3 320
36 98 99 186 187 3 323
37 99 104 8 8 91 21 344
38 1 0 0 1 0 2 1 11 113 5 349
39 1 0 2 103 118 119 3 352
40 103 104 75 77 5 357
41 104 107 64 65 8 365
42 105 106 1 1 2 114 5 370
43 1 1 1 113 141 143 7 377
44 117 1 2 0 145 148 14 391
45 1 2 0 123 63 64 8 399
Tab l e  3 . 1 .  Dat a  produced by proc ANALYSE i n SPR12B v e r s i o n  2
(Appendi x 2,  A 2 . 13) us i ng t he  compos i t e  image shown i n  
F i g u r e  3 . 2 9 .
Tab l e  c o n t i n u e d  bel ow.
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Table continued -from above.
P a r t i c l e Mi ni  mum Maxi mum Minimum Max imurn Area Cu mu l a t i v e
number Y Y X X Area
( p i x e l ) ( p i x e l ) ( p i x e l ) ( p i x e l ) ( p i x e l s 2 ) ( p i x e l s 2 )
46 1 2 0 1 2 2 137 138 5 404
47 1 2 1 125 170 173 12 416
48 1 2 2 125 133 135 10 426
49 123 124 57 58 3 429
50 127 129 99 101 8 437
51 127 128 128 129 3 440
52 129 131 123 125 9 449
53 140 147 104 109 37 486
54 141 143 157 161 13 499
55 144 145 133 136 6 505
56 146 151 93 1 0 0 35 540
57 151 154 1 1 2 113 5 545
58 152 154 89 91 8 553
59 154 157 60 62 9 562
60 154 156 75 76 4 566
61 158 159 145 146 4 570
62 159 160 95 96 4 574
63 160 163 85 87 10 584
64 161 162 91 93 4 588
65 163 165 82 84 7 595
6 6 164 166 92 94 7 602
67 165 169 56 59 16 618
6 8 165 168 89 91 B 626
69 165 167 124 125 5 631
70 166 169 142 148 27 658
71 171 179 94 108 101 759
72 171 172 134 136 4 763
73 174 175 140 142 5 768
74 180 182 63 63 3 771
75 181 184 55 57 11 782
76 184 185 62 64 4 786
77 188 190 78 81 10 796
78 188 196 93 1 0 2 67 863
79 189 2 0 2 109 1 2 1 146 1009
80 190 195 6 8 76 28 1037
81 193 194 106 107 4 1041
82 194 195 130 131 4 1045
83 2 0 1 204 6 8 69 8 1053
84 203 205 105 106 6 1059
85 208 209 8 8 89 4 1063
Tabl e  3 . 1 .  Data produced by proc ANALYSE i n  SPR12B v e r s i o n  2
(Appendix 2 ,  A2 . 13 )  us i ng t he  composi t e  image shown i n  
F i g u r e  3 . 2 9 .
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F a r 1 1 cl  e 
number
Y f e r e t  
d i amet er  
( p i x e l s  )
X f e r e t  
di a met e r  
( p i x e l s  )
Measured 
area  
( p i x e l s 2 )
E l l l p t i c a l  
area  
( p i x e l s 2 )
Area
r a t i o
1 . 0 0 2 . 0 0 2 . 0 0 3 . 0 0 3 . 1 4 1 . 05
2 . 0 0 3 . 0 0 3 . 0 0 7 . 0 0 7 . 0 7 1 . 0 1
3.  00 3 . 0 0 4 . 0 0 9 . 0 0 9 . 4 2 1 . 05
4 . 0 0 4 . 0 0 5 . 0 0 16. 00 15.71 0 . 9 8
5 . 0 0 2 . 0 0 2 . 0 0 3 . 0 0 3.  14 1 . 05
6 . 0 0 3 . 0 0 2 . 0 0 6 . 0 0 4 . 71 0 . 7 9
7 . 0 0 3 . 0 0 3 . 0 0 8 . 0 0 7 . 0 7 0 . 8 8
e . o o 2 . 0 0 2 . 0 0 4 . 0 0 3.  14 0 . 7 9
9 . 0 0 3 . 0 0 2 . 0 0 4 . 0 0 4. 71 1 . 18
1 0 . 0 0 4 . 0 0 3 . 0 0 1 0 . 0 0 9 . 4 2 0 . 9 4
1 1 .0 0 4 . 0 0 6 . 0 0 16 . 00 18 . 85 1 . 1 8
1 2 . 0 0 2 . 0 0 3 . 0 0 5 . 0 0 4 . 71 0 . 9 4
1 3 . 0 0 3 . 0 0 3 . 0 0 9 . 0 0 7 . 07 0 . 7 9
1 4 . 0 0 3 . 0 0 2 . 0 0 5 . 0 0 4 . 71 0 . 9 4
1 5 . 0 0 4 . 0 0 3 . 0 0 1 2 . 0 0 9 . 4 2 0 . 7 9
1 6 . 0 0 5 . 0 0 5 . 0 0 19. 00 19. 63 1 . 03
1 7 . 0 0 4 . 0 0 4 . 0 0 15 . 00 12. 57 0 . 8 4
1 8 . 0 0 8 . 0 0 7 . 0 0 4 2 . 0 0 4 3 . 9 8 1 . 05
1 9 . 0 0 2 . 0 0 4 . 0 0 7 . 0 0 6 . 2 8 0 . 9 0
2 0 . 0 0 2 . 0 0 2 . 0 0 4 . 0 0 3.  14 0 . 7 9
2 1 . 0 0 2 . 0 0 3 . 0 0 6 . 0 0 4 . 71 0 . 7 9
2 2 . 0 0 6 . 0 0 5 . 0 0 2 7 . 0 0 23 . 5 6 0 . 8 7
2 3 . 0 0 2 . 0 0 2 . 0 0 4 . 00 3.  14 0 . 7 9
2 4 . 0 0 2 . 0 0 2 . 0 0 3 . 0 0 3.  14 1 . 05
25.  00 3 . 0 0 3 . 0 0 9 . 0 0 7 . 0 7 0 . 7 9
2 6 . 0 0 5 . 0 0 4 . 0 0 16 . 00 15.71 0 . 9 8
2 7 . 0 0 2 . 0 0 2 . 0 0 4 . 0 0 3.  14 0 . 7 9
2 8 . 0 0 2 . 0 0 2 . 0 0 4 . 0 0 3.  14 0 . 7 9
29.  00 6 . 0 0 6 . 0 0 16 . 00 2 8 . 2 7 1 . 77
3 0 . 0 0 2 . 0 0 2 . 0 0 4 . 0 0 3 . 1 4  * 0 . 7 9
3 1 . 0 0 2 . 0 0 2 . 0 0 3 . 0 0 3.  14 1 . 05
3 2 . 0 0 2 . 0 0 2 . 0 0 3 . 0 0 3 . 1 4 1 . 0 5
3 3 . 0 0 2 . 0 0 3 . 0 0 5 . 0 0 4 . 71 0 . 9 4
3 4 . 0 0 3 . 0 0 3 . 0 0 9 . 0 0 7 . 0 7 0 . 7 9
3 5 . 0 0 2 . 0 0 2 . 0 0 3 . 0 0 3 . 1 4 1 . 05
3 6 . 0 0 2 . 0 0 2 . 0 0 3 . 0 0 3.  14 1 . 05
3 7 . 0 0 4 . 0 0 6 . 0 0 2 1 . 0 0 18 . 85 0 . 9 0
3 8 . 0 0 3 . 0 0 3 . 0 0 5 . 0 0 7 . 0 7 1.41
3 9 . 0 0 2 . 0 0 2 . 0 0 3 . 0 0 3.  14 1 . 05
4 0 . 0 0 3 . 0 0 2 . 0 0 5 . 0 0 4 . 71 0 . 9 4
4 1 . 0 0 2 . 0 0 4 . 0 0 8 . 0 0 6 . 2 8 0 . 7 9
4 2 . 0 0 3 . 0 0 2 . 0 0 5 . 0 0 4 . 71 0 . 9 4
4 3 . 0 0 3 . 0 0 3 . 0 0 7 . 0 0 7 . 0 7 1 . 0 1
4 4 . 0 0 4 . 0 0 4 . 0 0 14. 00 1 2 . 57 0 . 9 0
4 5 . 0 0 2 . 0 0 4 . 0 0 8 . 0 0 6 . 2 8 0 . 7 9
Tabl e  3 . 2 .  F e r e t  d i m a t e r s ,  e l l i p s o i d a l  a rea  and a r ea  r a t i o  
c a l c u l a t e d  f rom t he  d a t a  pr esent ed  i n  Tab l e  3 . 1 .
f a b l e  c on t i n u e d  below.
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Table continued -from above.
P a r t i c l e
number
Y f e r e t  
di amet er  
( p i x e l s  )
X f e r e t  
d i a me t e r  
( p i x e l s  )
Measured
ar ea
( p i x e l s 2 )
El 1 1 p t i  cal  
area  
( p i x e l s 2  )
Area  
r a t i  o
46 . 00 2 . 0 0 3 . 0 0 5 . 0 0 4 . 71 0 . 9 4
47 . 00 4 . 0 0 5 . 0 0 1 2 . 0 0 15. 71 1. 31
48 . 00 3 . 0 0 4 . 0 0 1 0 . 0 0 9 . 4 2 0 . 9 4
49 . 00 2 . 0 0 2 . 0 0 3 . 0 0 3.  14 1 . 0 5
50 . 00 3 . 0 0 3 . 0 0 8 . 0 0 7 . 0 7 0 . 8 8
5 1 . 0 0 2 . 0 0 2 . 0 0 3 . 0 0 3.  14 1 . 0 5
52 . 00 3 . 0 0 3 . 0 0 9 . 0 0 7 . 0 7 0 . 7 9
53 . 0 0 6 . 0 0 8 . 0 0 3 7 . 0 0 3 7 . 7 0 1 . 0 2
54 . 00 5 . 0 0 3 . 0 0 13 . 00 11 . 78 0 . 9 1
5 5 . 0 0 4 . 0 0 2 . 0 0 6 . 0 0 6 . 2 8 1 . 05
5 6 . 0 0 8 . 0 0 6 . 0 0 3 5 . 0 0 3 7 . 7 0 1 . 08
5 7 . 0 0 2 . 0 0 4 . 0 0 5 . 0 0 6 . 2 8 1 . 26
58 . 0 0 3 . 0 0 3 . 0 0 8 . 0 0 7 . 0 7 0 . 8 8
59 . 0 0 3 . 0 0 4 . 0 0 9 . 0 0 9 . 4 2 1 . 0 5
60 . 0 0 2 . 0 0 3 . 0 0 4 . 0 0 4 . 71 1 . 18
6 1 . 0 0 2 . 0 0 2 . 0 0 4 . 0 0 3.  14 0 . 7 9
62 . 0 0 2 . 0 0 2 . 0 0 4 . 0 0 3.  14 0 . 7 9
63 . 00 3 . 0 0 4 . 0 0 1 0 . 0 0 9 . 4 2 0 . 9 4
64 . 0 0 3 . 0 0 2 . 0 0 4 . 0 0 4 . 71 1 . 18
65 . 0 0 3 . 0 0 3 . 0 0 7 . 0 0 7 . 0 7 1 . 0 1
6 6 . 0 0 3 . 0 0 3 . 0 0 7 . 0 0 7 . 0 7 1 . 0 1
6 7 . 0 0 4 . 0 0 5 . 0 0 16. 00 15. 71 0 . 9 8
6 8 . 0 0 3 . 0 0 4 . 0 0 8 . 0 0 9 . 4 2 1 . 1 8
6 9 . 0 0 2 . 0 0 3 . 0 0 5 . 0 0 4 . 71 0 . 9 4
70 . 0 0 7 . 0 0 4 . 0 0 2 7 . 0 0 2 1 . 9 9 0 . 81
7 1 . 0 0 15. 00 9 . 0 0 1 0 1 . 0 0 106 . 03 1 . 0 5
72 . 00 3 . 0 0 2 . 0 0 4 . 0 0 4 . 71 1 . 1 8
7 3 . 0 0 3 . 0 0 2 . 0 0 5 . 0 0 4 . 71 0 . 9 4
74 . 0 0 1 . 0 0 3 . 0 0 3 . 0 0 2 . 3 6 0 . 7 9
75 . 0 0 3 . 0 0 4 . 0 0 1 1 . 0 0 9 . 4 2 0 . 8 6
76 . 0 0 3 . 0 0 2 . 0 0 4 . 0 0 4 . 71 1 . 18
7 7 . 0 0 4 . 0 0 3 . 0 0 1 0 . 0 0 9 . 4 2 0 . 9 4
78 . 00 1 0 . 0 0 9 . 0 0 6 7 . 0 0 7 0 . 6 9 1 . 0 6
79 . 0 0 13 . 00 1 4 . 0 0 146 . 00 142 . 94 0 . 9 8
80 . 0 0 9 . 0 0 6 . 0 0 2 8 . 0 0 42 . 41 1. 51
8 1 . 0 0 2 . 0 0 2 . 0 0 4 . 0 0 3.  14 0 . 7 9
8 2 . 0 0 2 . 0 0 2 . 0 0 4 . 0 0 3.  14 0 . 7 9
8 3 . 0 0 2 . 0 0 4 . 0 0 8 . 0 0 6 . 2 8 0 . 7 9
8 4 . 0 0 2 . 0 0 3 . 0 0 6 . 0 0 4 . 71 0 . 7 9
8 5 . 0 0 2 . 0 0 2 . 0 0 4 . 0 0 3.  14 0 . 7 9
Tab l e  3 . 2 .  F e r e t  d i * a t e r s ,  e l l i p s o i d a l  a r ea  and a r ea  r a t i o  
c a l c u l a t e d  f rom t he  d a t a  pr e se nt e d  i n  T ab l e  3 . 1 .
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Y f e r e t  X f e r e t  Measured E l l i p t i c a l  Area 
di amet er  d i a met e r  area  a r ea  r a t i o
< p i x e l s  ) ( p i x e l s  ) ( p i x e l s 2 ) ( p i x e l s 2 )
mean 3 . 4 7 0 6 3 . 4 0 2 4 1 2 . 5 05 9 1 2 . 5 10 9 0. 9691
St andar d  
Devi  a t i o n
2 . 3 3 4 3 1 . 9560 2 0 . 2 1 1 0 2 0 . 7 2 0 6 0 . 17 66
number of  
p a r t i c l e s
05 05 05 05 05
St andard  
E r r o r  of mean
0 . 2 3 5 3 0 . 2 1 2 2 2.  1922 2 . 2 4 0 3 0 . 01 92
C o e f f i c i e n t  of  
Var i a t i  on
6 7 . 2 5 9 3 5 6 . 1 60 2 161 . 6117 1 6 5 . 60 4 3 10. 2231
Tabl e 3 . 3 .  S t a t i s t i c a l summary of the p a r t i  c l e s i z e dat a  present ed
i n Table 3. 9L .
X f er  et Y f e r e t Measured E l l i p t i c a l Area
d i a me t e r d i a met e r area area r a t i o
s i z e number s i z e number s i z e number s i z e number s i z e  number
1 1 1 - 3 11 2 . 3 6 1 0 . 7 9 23
2 33 2 31 4 16 3.  14 21 0 . 81 1
3 27 3 24 5 10 4 . 71 16 0 . 8 4 1
4 11 4 15 6 4 6 . 2 0 6 0 . 8 6 1
5 3 5 5 7 5 7 . 0 7 12 0 . 0 7 1
6 3 6 5 B 7 9 . 4 2 12 0 . B 8 3
7 1 7 1 9 6 11 . 70 1 0 . 9 0 3
0 2 0 1 10 4 12. 57 2 0 . 9 1 1
9 1 9 2 11 1 15.71 4 0 . 9 4 12
10 1 10 - 12 2 10. 85 2 0 . 9 8 4
13 1 13 - 13 1 19 . 63 1 1 . 0 1 4
14 - 1 1 14 1 2 1 . 9 9 1 1 . 0 2 1
15 1 15 - 15 1 2 3 . 5 6 1 1 . 0 3 1
16 2 8 . 2 7 1 1 . 0 5 15
19 1 3 7 . 7 1 . 0 6 1
21 1 42 . 41 1 1 . 0 8 1
27 1 43 . 9 8 1 1 . 1 8 7
2 0 1 7 0 . 6 9 1 1 . 2 6 1
35 1 106 . 03 1 1 . 31 1
37 1 142 . 94 1 1. 41 1
42 1 1. 51 1
67 1 1 . 77 1
101 1
146 t
Tab l e  3 . 4 .  Frequency summary of t he  p a r t i c l e  s i z e  d a t a  p r e se nt e d  in  
Tab l e  3 . 2 .
1 7 3
Mi cr oeye  i n t e r f a c e  Mi croeye i n t e r f a c e BBC user  p o r t  Data
pi n  l a b e l s pi n  numbers p i n  l a b e l s d i r e c t i o n
STROBE 1 PBO INPUT
EOL RESET 2 PB2 OUTPUT
EOL 3 PB1 INPUT
MASTER RESET 4 PB3 OUTPUT
DATA 0 ( 2 7 ) 5 PB7 INPUT
DATA 1 <26 ) 6 PB6 INPUT
DATA 2 ( 2 5 ) 7 PB5 INPUT
DATA 3 ( 2 4 ) 8 PB4 INPUT
DATA 4 ( 23 ) 9 NOT USED
DATA 5 ( 2 2 ) 10 NOT USED
DATA 6  ( 2 1 ) 11 NOT USED
DATA 7 ( 2 ° ) 12 NOT USED
6 ND 13 (15) SIGNAL GND
F i g u r e  3 . 1 .  Connect i on  d e t a i l s  f o r  t he  Mi c r oe y e  i n t e r f a c e  to BBC
user p o r t  using t he  s u p p l i e d  s o f t w a r e .  The s up p l i e d
c a b l e coul d onl y  be f i t t e d  one way round due t o  the
d i f f e r e n t  plug f i t t i n g s  used at each end of t he  c a b l e .
Mi cr oeye  i n t e r f a c e  Mi cr oeye  i n t e r f a c e BBC user  p o r t  Data
p i n  l a b e l s pin numbers p i n  l a b e l s d i r e c t i o n
STROBE 1 PBO INPUT
EOL RESET 2 PB2 OUTPUT
EOL 3 PB1 INPUT
MASTER RESET 4 PB3 OUTPUT
6 ND 1 3( 15 ) SIGNAL GND
1MHz bus
p i n  l a b e l s
DATA 0 ( 2 7 ) 5 D7 INPUT
DATA 1 <26 ) 6 D6 INPUT
DATA 2 ( 2 5 ) 7 D5 INPUT
DATA 3 ( 2 4 ) 8 D4 INPUT
DATA 4 ( 2 3 ) 9 D3 INPUT
DATA 5 ( 2 2 ) 10 D2 INPUT
DATA 6  ( 2 1 ) 11 DI INPUT
DATA 7 ( 2 ° ) 12 DO INPUT
F i gur e  3 . 4 .  M o d i f i e d  connect i on  d e t a i l s  f o r t h e  Mi c r oe ye i n t e r f a c e
t o BBC user  p o r t  and 1MHz bus. T h i s  m o d i f i c a t i o n  was
made t o  a l l o w  a l l  8 b i t s  of  t he d i g i t i s e d  gr ey  l e v e l  t o
be r ead  i n t o  t he  BBC computer . The m o d i f i e d c ab l e  was
made by s o l d e r i n g  a second r i b b o n  c a b l e ,  f i t t e d  w i t h  a
1 MHz bus s oc k e t ,  t o  t he  mi c r oeye  c o n n e c t o r . Thi  s
m o d i f i c a t i o n  was on l y  p o s s i b l e because no o t h e r  dev i ces
were connected to  t he  1MHz bus.
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D o t m a t r ix  
p r i n t e r
M onochrome
m o n ito r
D u a l f l o p p y  
d is c  d r i v e
V id e o  cam era  
M o u n te d  on  
f lu o r e s c e n c e  
m ic ro s c o p e
M onochrom e m o n ito r  
f o r  v ie w in g  l i v e  
v id e o  s ig n a ls
M ic ro e y e
v id e o  d i g i t i s i n g  
i n t e r f a c e
1 2 8 k  s id e w a y s  ram  f o r  
d i g i t i s e d  im a g e s
USER
PORT
( c o n t r o l )
BBC m odel *B ' m ic ro c o m p u te r  ( i s s u e  7  m o th e rb o a rd  )  
MOS v l . 2 ,  DFS v l * 0 ,  BASIC  ( c )  1 9 8 2 .
1MHz
BUS
( d a t a )
F ig u r e  3 . 2 .  S c h e m a tic  r e p r e s e n t a t i o n  o f  th e  im age  a n a ly s is  sys tem  
u s e d  to  p ro c e s s  d i g i t i s e d  im a g e s . The a r ro w s  d e n o te  








& 8 0 0 0
&4000
&0000 
F ig u r e  3 * 3 *
F ig u r e  3 , 4 .





M em ory m apped I / O  a n d  h a rd w a re *
IM E z  b u s  p ag ed  memory ( 64k ) .
IMHm b u s  memory m apped h a rd w a re  a n d  I / O *
BASIC DFS U nu sed S id e w a y s  ram
Bank 2 B ank 1 B anks 0 , 3 - 7 B anks 8  -  15
( d e f a u l t )
U s e r  ram
U s e r  ram
UB O n ly  one s id e w a y s  ro m /ra m  banK may 
be s e le c t e d  a t  a n y  g iv e n  t im e .  
S e l e c t i o n  i s  g o v e rn e d  by th e  v a lu e  
m o d u lo  15 h e ld  i n  th e  p a g in g  r e g i s t e r  
lo c a t e d  a t  memory a d d re s s  <fcFE30*
Mem ory map o f  t h e  BBC m o d e l •B * m ic ro c o m p u te r  sh o w in g  
a l l o c a t i o n  o f  s id e w a y s  memory f o r  rom s an d  ram *
See page  174 .
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mm
F ig u r e  3 , 5 . I s o m e t r ic  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im a g e  o f  a n  B lc e m a  G 250  p a r t i c l e  w i t h  a d h e r e n t  
T r ia m te r e n e  p a r t i c l e s  shown i n  p l a t e  3 * 5 *
F o c u s  p o s i t i o n  a t  0 0  f i n e  fo c u s  d i v i s i o n s *
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^15948
F ig u r e  3 . 6 .  I s o m e t r i c  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im a g e  o f  an  E lcem a  G2 5 0  p a r t i c l e  w i t h  a d h e r e n t  
T r ia m t e r e n e  p a r t i c l e s  shown i n  p l a t e  3 * 6 .
F o c u s  p o s i t i o n  a t  1 0  f i n e  fo c u s  d i v i s i o n s .
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F ig u r e  3 . 7 . I s o m e t r i c  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im a g e  o f  t h e  S lc e m a  G 250 p a r t i c l e  w i t h  a d h e r e n t  
T r ia m t e r e n e  p a r t i c l e s  shown i n  p l a t e  3 . 7 .
F o c u s  p o s i t i o n  a t  20  f i n e  fo c u s  d i v i s i o n s .
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F ig u r e  3 . 8 * Is o m e t r ic  p r o je c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im ag e  o f  a n  B lcem a G2 5 0  p a r t i c l e  w i t h  a d h e r e n t  
T r ia m te r e n ®  p a r t i c l e s  shown i n  p l a t e  3 . 8 .
F o cu s  p o s i t i o n  a t  3 O f i n e  fo c u s  d i v i s i o n s .
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F ig u r e  3 . 9 .  I s o m e t r ic  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im a g e  o f  an  E lc e m a  G 250 p a r t i c l e  w i t h  a d h e r e n t  
T r ia m t e r e n e  p a r t i c l e s  shown i n  p l a t e  3 . 9 .
F o c u s  p o s i t i o n  a t  4 0  f i n e  fo c u s  d i v i s i o n s .
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F ig u r e  3 . 1 0 .  I s o m e t r ic  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im ag e  o f  an  E lc e m a  G 250  p a r t i c l e  w i t h  a d h e r e n t  
T r ia m te r e n e  p a r t i c l e s  shown i n  p l a t e  3 * 1 0 .
F o c u s  p o s i t i o n  a t  5 0  f i n e  fo c u s  d i v i s i o n s .
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F ig u r e  3 * 1 1 *  I s o m e t r i c  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im a g e  o f  a n  filc e m a  G2 5 0  p a r t i c l e  w i t h  a d h e r e n t  
T r ia m t e r e n e  p a r t i c l e s  show n i n  p l a t e  3 * 1 1 *
F o c u s  p o s i t i o n  a t  6 0  f i n e  fo c u s  d i v i s i o n s .
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F ig u r e  3 , 1 2 .  I s o m e t r i c  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im a g e  o f  a n  E lc e m a  G25Q p e r t i c l e  w i t h  a d h e r e n t  
T r ia m t e r e n e  p a r t i c l e s  shown i n  p l a t e  3 * 1 2 .
F o c u s  p o s i t i o n  a t  7 0  f i n e  fo c u s  d i v i s i o n s .
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F i g u r e  3 . 1 3 *  I s o m e t r i c  p r o j e c t i o n ,  o f  t h e  b r i g h t n e s s  o f  t h e  d i g i t i s e d  
i m a g e  o f  a n  S l c e m a  G 2 5 0  p a r t i c l e  w i t h  a d h e r e n t  
T r i a m t e r e n e  p a r t i c l e s  s h o w n  i n  p l a t e  3 . 1 3 .




F ig u r e  3 * 1 4 *  I s o m e t r i c  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im ag e  o f  an  E lc e m a  G* 5 0  p a r t i c l e  w i t h  a d h e r e n t  
T r ia m t e r e n e  p a r t i c l e s  shown i n  p la t e  3«14«
F o c u s  p o s i t i o n  a t  9 0  f i n e  fo c u s  d i v i s i o n s *
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F ig u r e  3 *1 5 »  Is o m e t r i c  p r o j e c t i o n  o f  th e  b r ig h t n e a s  o f  th e  d i g i t i s e d  
im a g e  o f  a n  E lc e m a  G 250 p a r t i c l e  w i t h  a d h e r e n t  
T r ia m t e r e n e  p a r t i c l e s  shown i n  p l a t e  3 . 1 5 .
F o c u s  p o s i t i o n  a t  1 0 0  f i n e  fo c u s  d i v i s i o n s .
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F ig u r e  3 .1 6 *  I s o m e t r ic  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im a g e  o f  an  E lc e m a  G 250 p a r t i c l e  w i t h  a d h e r e n t  
T r ia m te r e n e  p a r t i c l e s  shown i n  p l a t e  3 * l o *
F o c u s  p o s i t i o n  a t  1 1 0  f i n e  fo c u s  d i v i s i o n s *
F ig u r e  3 * 1 7 *  Is o m e t r ic  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im age  o f  an  f ilc e m a  G 250  p a r t i c l e  w i t h  a d h e r e n t  
T r ia m te r e n e  p a r t i c l e s  shown i n  p l a t e  3 . 1 7 .
F o c u s  p o s i t i o n  a t  1 2 0  f i n e  f o c u s  d i v i s i o n s .
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F ig u r e  3 . 1 8 .  Is o m e t r ic  p r o je c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im a g e  o f  an  is lcem a G2 5 0  p a r t i c l e  w i t h  a d h e r e n t  
T r ia m te r e n e  p a r t i c l e s  shown i n  p l a t e  3 * 1 8 .
F o c u s  p o s i t i o n  a t  1 3 0  f i n e  fo c u s  d i v i s i o n s .
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F ig u r e  3 * 1 9 *  I s o m e t r ic  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im ag e  o f  an  E lc e m a  G 250 p a r t i c l e  w i t h  a d h e r e n t  
T r ia m t e r e n e  p a r t i c l e s  shown i n  p l a t e  3 * 1 9 *
F o c u s  p o s i t i o n  a t  1 4 0  f i n e  fo c u s  d i v i s i o n s .
D..+^92A
F ig u r e  5 . 2 0 .  I s o m e t r ic  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im age o f  a n  S lc e m a  G 250 p a r t i c l e  w i t h  a d h e r e n t  
T r ia m te r e n e  p a r t i c l e s  shown i n  p l a t e  3 « 2 0 .
F o c u s  p o s i t i o n  a t  1 5 0  f i n e  fo c u s  d i v i s i o n s .
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F ig u r e  3 * 2 1 .  I s o m e t r i c  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im ag e  o f  an  E lc e m a  G 250 p a r t i c l e  w i t h  a d h e r e n t  
T r ia m t e r e n e  p a r t i c l e s  shown i n  p l a t e  3 * 2 1 *
F o c u s  p o s i t i o n  a t  1 6 0  f i n e  fo c u s  d i v i s i o n s *
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F ig u r e  3 . 2 2 .  I s o m e t r ic  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  t h e  d i g i t i s e d  
im a g e  o f  an  fi lc e m a  G 250 p a r t i c l e  w i t h  a d h e r e n t  
T r ia m te r e n e  p a r t i c l e s  a s  shown i n  p l a t e  3 * 2 2 .
F o c u s  p o s i t i o n  a t  1 / 0  f i n e  f o c u s  d i v i s i o n s .
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f i g u r e  3 # 2 3 . I s o m e t r ic  p r o je c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im a g e  o f  an  E lc e m a  G 250 p a r t i c l e  w i t h  a d h e r e n t  
T r ia m t e r e n e  p a r t i c l e s  a s  shown i n  p l a t e  3 .2 3 *
F o c u s  p o s i t i o n  a t  1 8 0  f i n e  fo c u s  d i v i s i o n s *
999999^
F i g u r e  3 * 2 4 .  I s o m e t r i c  p r o j e c t i o n  o f  t h e  b r i g h t n e s s  o f  t h e  d i g i t i s e d  
im a g e  o f  a n  E l c e m a  G 2 5 0  p a r t i c l e  w i t h  a d h e r e n t  
T r i a m t e r e n e  p a r t i c l e s  a s  s h o w n  i n  p l a t e  3 * 2 4 *
F o c u s  p o s i t i o n  a t  1 9 0  f i n e  f o c u s  d i v i s i o n s .
196
F ig u r e  3 . 2 5 .  I s o m e t r ic  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im ag e  o f  an  E lc e m a  G 2^0 p a r t i c l e  w i t h  a d h e r e n t  
T r ia m te r e n e  p a r t i c l e s  a s  show n i n  p l a t e  3 * 2 5 *
F o c u s  p o s i t i o n  a t  2 0 0  f i n e  fo c u s  d i v i s i o n s .
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AF ig u r e  5 * 2 6 .  Is o m e t r ic  p r o j e c t i o n  o f  th e  b r ig h tn e s s  o f  th e  d i g i t i s e d  
im age  o f  an  E lc e m a  G 250 p a r t i c l e  w i t h  a d h e r e n t  
T r ia m te r e n e  p a r t i c l e s  as  shown i n  p l a t e  3 . 2 6 .




F ig u r e  5 * 2 7 .  I s o m e t r ic  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  d i g i t i s e d  
im age o f  an  E lc e m a  G 250 p a r t i c l e  w i t h  a d h e r e n t  
T r ia m te r e n e  p a r t i c l e s  a s  shown i n  p l a t e  3 , 2 7 .
Focus p o s i t i o n  a t  2 2 0  f i n e  fo c u s  d iv i s i o n s *
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F ig u r e  3 . 2 8 .  Is o m e t r io  p r o j e c t i o n  o f  th e  b r ig h t n e s s  o f  th e  c o m p o s ite  
d i g i t i s e d  im a g e  o f  an  E lc e m a  G 250 p a r t i c l e  w i t h  
a d h e r e n t  T r ia m t e r e n e  p a r t i c l e s  a s  shown i n  p l a t e  3 . 2 8 .  
The  p e a k s  c o r r e s p o n d  to  fo c u s s e d  a d h e r e n t  T r ia m te r e n e  
p a r t i c l e s  a s  d e te r m in e d  by  th e  BASIC p ro g ra m  BCOMFOS 
a n d  th e  6 5 0 2  m a c h in e  c o d e  p ro g ra m  COMPOS (A p p e n d ix  2 ) .
^
P la te  3 « 1 . rilcem a G2^0 p a r t i c l e s  f i x e d  to  th e  b ra s s  p l a t e  w ith
epoxy r e s in  p r i o r  to  c e n t r i f u g a t io n  a t  r e v  m^n
P la te  5,2, tflceoia G250 p a r t i c le s  f i x e d  to  th e  b ra s s  p la t e  w i th  
epoxy r e s in  a f t e r  c e n t r ig u g a t io n  a t  50 » 0 0 0  r e v  m in“ 1 . 
N ote th a t  some p a r t i c l e s  have  been d e ta tc h e d .
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P la t e  3 . 3 .  S c a n n in g  e le c t r o n  m ic ro g ra p h  o f  an E lcem a  G 250 p a r t i c l e  
f i x e d  to  tn e  b ra s s  p la t e  w i t h  epoxy r e s i n *  The s u r fa c e  
d e t a i l  p re s e n t in d ic a t e s  t h a t  no 'w ic k in g *  o f  th e  
a d h e s iv e  th ro u g h  t o  th e  p a r t i c l e  s u r fa c e  h a s  o c c u r r e d .
P la t e  3 . 4 .  S can n in g  e le c t r o n  m ic ro g ra p h  o f  an  E lcem a G 250 p a r t i c l e  
f ix e d  to  th e  b ra s s  p la t e  w i th  epoxy r e s in  show ing t h a t  
th e  p e n e t r a t io n  o f  th e  r e s in  i s  l i m i t e d ,  even  a t  th e  
p e r ip h e r y  o f  th e  p a r t i c l e .
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P la t e  5 . 5 .  D ig i t i s e d  im age o f  an K lcem a G 250 p a r t i c l e  w i th  
a d h e re n t T r ia m te r e n e  p a r t i c l e s .  Focus p o s i t io n  
a t  0 0  f i n e  fo c u s  d iv i s io n s .
Plate % C ,  Digitised image of an tflcema G25O particle with
adherent Triamterene partiolea* Foous position
at 10 fine focua divisions.
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P la t e  3 . 7 .  D ig i t i s e d  im age o f  an E lcem a G 250 p a r t i c l e  w i t h  
a d h e re n t T r ia m te r e n e  p a r t i c l e s .  Focus p o s i t io n  
a t  20  f i n e  fo c u s  d i v i s i o n s .
Plate 3,0. Digitised image of an Eioern* G250 partiole with
adherent Triamterene partic les, Fooue position
at 30 fine focus divisions.
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Plate 3. 9 . Digitised i»age of an elcema G250 partic le  with
adherent Triamterene partic les. Focus position
at 40 line focus divisions.
Plate 3,10, Digitieea image of an UJlcema G250 purtloAe with
adherent Triamterene p a r t ic le s ,  Fooua position
at 30 fin® foous aivieiona.
Plate 3 .l l .  Digitised image of an Elcema G250 partic le  with
adherent Triamterene partic les . Focus position
at 60 fine focus divisions.
Plate 3.12, Digitised image of an Elcema Q25Q partic le with
adherent Triamterene partioles, Fooua position
at 10 fine focus divisions.
P la t e  3 .
P la t e  5 .
L3. Difeitisea image of an JSlcema G250 partic le  with
adherent Triamterene partic les. Focus position
at 80 fine focus divisions.
L4. Digitised image of an tiloema partic le  with
adherent Triamterene particles, Kooua position
at '>0 fine foous positions,
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Plate 3*15* Digitised image of an Elcema 0250 partic le  with
adherent Triamterene partic les. Focus position
at 100 fine focus divisions.
Plate 3.1b. Digitised image of an Elcema 0250 particle with
adherent Triamterene partioles. Focus position
at 110 fine fooue positions.
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Plate 3.1'/. Digitised, image of an Elcema G250 particle with
adherent Triamterene particles. Focus position
at 120 fine focus divisions.
Plate 3*13. Digitised image of an Elcema 02^0 particle with
adherent Triamterene partioleu. Focus position
at 130 fine focus divisions.
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Plate 5*19* Digitised image of an Elcema G2$0 partic le  with
adherent Triamterene partic les. Focus position
at 140 fine focus divisions.
Plate 3*20, Digitised image of on Elcema G2b0 partiole with
adherent Triamterene partic les, Fooua position
at 1^0 fine focus positions.
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Plate 3.21. Digitised image of an Elcema G250 partic le  with
adherent Triamterene partic les. Pocus position
at 160 fine focus divisions.
,22, Digitised image of an Elcema U^O particle with
adherent Triamterene particles. Pocua position
at 170 fine focua divisions.
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Plate 3 ,2 3 .  Digitised image of an Elcema 0 2 5 0  particle with 
adherent Triamterene particles. Focus position 
at 180 fine focus divisions.
Plate 3.24* Digitised image of an Elcema 0230 particle with
adherent Triamterene particles. Focus position
at 1^0 fine foous divisions.
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Plate 3*25. Digitised image of an Elcema G250 partic le  with
adherent Triamterene partic les. Focus position
at 200 fine focus divisions.pr\
Plate 3*26, Digitised image of an Eloema G2l>0 particle with
adherent Triamterene partloiea. Focus position
at 210 fine focus divisions.
Plate 5.27. Digitised image of an Elcema G250 partic le  with
adherent Triamterene partic les. Focus position
at 220 fine focus divisions.
Plate 3*28* Composite digitised image derived from the dig t : v d
images in plates 5.3 to 3*27 using tne SASIC progrcuu
hCOMHJo and the 6302 maohine oode program COMPOS*
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P la t e  3 . 2 9 ,  D ig i t i s e d  im age o f  an  B lceraa G 250 p a r t i c l e  w i th  
a d h e re n t T r ia m te re n e  p a r t i c l e s *
P la t e  3 .3 0 #  ft io to m ie ro g ra p h  of an Kloema Q 250 particle with 
a d h e re n t T r ia m te re n e  p a r t i o l e s  taken at th e  same 
t im e  ae th e  d i g i t i s e d  image i n  P la t e  3«29« 
n o te  th e  h ig h e r  d e g re e  of r e s o lu t io n  oom pared to 
th e  d ig i t i s e d  im age a b o v e .
2 1 4 *
Chapter  4.
4. Measurment of  i n t e r p a r t i c l e  adhesion f o r c e s  i n  s i n g l e  ordered 
uni  t s .
The measurement  of  t h e  f o r c e  of  adhesi on between p a r t i c l e s  and 
p l a ne  s u r f a c e s  has been i n v e s t i g a t e d  by a number of  wor ker s  ( 7 3 ,  74 ,  
81,  9 7 - 9 9 ,  1 0 1 - 1 0 3 ,  1 0 9 ) .  S e v e r a l  a s p e c t s  of  t h i s  work have shown
t h a t  magni tude  of t he  i n t e r p a r t i c l e  adhes i on  f o r c e s  measured can be 
be a f f e c t e d  by a t mo s p he r i c  c o n d i t i o n s ,  f o r  example t he  pr e se nc e  of  
a t mo s p he r i c  m o i s t u r e  ( 10 1 ,  102,  109,  110)  or t he  l a c k  of  i t  ( 9 8 ) .
The pr esence  of  e l e c t r o s t a t i c  f o r c e s  have a l s o  been found t o  a f f e c t  
t he  magni tude  of  i n t e r p a r t i c l e  adhesi on f o r c e s  ( 7 3 ,  1 0 3 ) .
The most common method used t o  a p p l y  a s e p a r a t i n g  f o r c e  t o  
p a r t i c l e s  a d h e r i n g  t o  a s u r f a c e  has been c e n t r i f u g a t i o n  ( 7 3 ,  74 ,  81 ,  
9 7 - 9 9 ,  1 0 1 - 1 0 3 ,  110)  u s u a l l y  preceded and f o l l o w e d  by
ph o t o mi c r o g r ap h y  to a l l o w  t he  d i s t r i b u t i o n  of  p a r t i c l e s  on t he  
s u r f a c e  t o  be r e c o r d e d .  T h i s  method has t he  adv ant age  t h a t  t he  
a p p l i e d  f o r c e  i s  non i n v a s i v e  and can be r e a d i l y  c o n t r o l l e d .  
C e n t r i f u g a t i o n  has a l s o  been a p p l i e d  t o  t he  d e t e r m i n a t i o n  of  adhes i on  
f o r c e s  in o r d e r e d  m i x t u r e s  ( 6 9 ,  9 5 ,  96 ,  104,  1 0 5 ) .
One method of  measur i ng t h e  adhesi on f o r c e s  between a d h e r e n t  
p a r t i c l e s  and t h e  c a r r i e r  s u b s t r a t e  a l l o we d  t he  b e h a v i o u r  of  t he  bu l k  
powder t o  be i n v e s t i g a t e d  by c e n t r i f u g i n g  smal l  samples of  an o r d e r e d  
m i x t u r e  s uppor t ed  by a s t e e l  mesh ( 6 9 ,  95 ,  1 0 5 ) .  A n o t h e r ,  more
r e f i n e d  method,  a l l o w e d  t he  measurement  of  t he  a dhes i on  f o r c e  
between i n d i v i d u a l  a dh e r e n t  p a r t i c l e s  and t he  c a r r i e r  s u b s t r a t e  by 
t r a p p i n g  t he  or der ed  u n i t s  a t  one end of  a smal l  h o l e  d r i l l e d  t hr ough  
a br ass  p l a t e  ( 9 6 ) .  T h i s  method was p o t e n t i a l l y  u s e f u l  as i t  a l l o w e d  
t he  a p p l i e d  s e p a r a t i n g  f o r c e  t o  be r e l a t e d  t o  t he  number of  a d h e r e n t  
p a r t i c l e s  and t h e i r  s i z e .  I t  was,  however ,  found t o  be v e r y  
d i f f i c u l t  t o  produce good q u a l i t y  phot o mi c r o g r ap h s  of  t h e  s u r f a c e s  t o  
be examined as t he s e  were deeper  than t h e  depth of  f i e l d  of  t he  
mi croscope ( 1 0 4 ) .  Th i s  l i m i t a t i o n ,  i n h e r e n t  i n  t he  p h o t o mi c r o g r a p h y  
of deep s u r f a c e s ,  meant t h a t  t h e  method desc i bed  above method cou l d  
not  be a p p l i e d  t o  any g r e a t  e x t e n t  ( 104)  because of  t h e  probl ems  
a s s o c i a t e d  w i t h  t he  i n t e r p r e t a t i o n  of  t he  p h o t o mi c r o g r ap h s  o b t a i n e d .  
The devel opment  of  t he  image a n a l y s i s  method d e s c r i b e d  i n Chapt er  3 
e f f e c t i v e l y  e l i m i n a t e s  t he  dept h  of  f i e l d  l i m i t a t i o n  of  c o n v e n t i o n a l  
phot omi c r ogr aphy  making i t  p a s s i b l e  t o  measure p a r t i c l e s  a d h e r i n g  t o
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a deep s u r f a c e .
A method has t h e r e f o r e  been d e v e l o p e d ,  us i ng  t he  image a n a l y s i s  
t e c h n i q u e s  d e s c r i b e d  in Chapt er  3 ,  which a l l o w s  t he  magni tude  of  t he  
adhesi on f o r c e  between t he  i n d i v i d u a l  a d h e r e n t  p a r t i c l e s  and t he  
c a r r i e r  s u b s t r a t e  of  i s o l a t e d  or der ed  u n i t s  t o  be d e t e r m i n e d .
4 .1 .  M a t e r i a l s ,  appara tus  and methods.
4 . 1 . 1 .  M a t e r i a l s .  The m a t e r i a l s  used t o  p r e p a r e  or der ed
m i x t u r e s  s u i t a b l e  f o r  t he  measurement  of  t he  adhes i on  f o r c e s  between  
t h e  a d h e r e n t  p a r t i c l e s  and c a r r i e r  s u b s t r a t e  of  s i n g l e  o r d er ed  u n i t s  
were as f o l l o w s .
1. T r i a m t e r e n e ,  s u p p l i e d  as a g i f t  by Hoechst  (UK) L t d ,  M i l t o n  
Key nes , U . K . .
2.  Elcema G250,  BN D / 4 0 9 1 6 5 ,  Degussa SmBH, F r a n k f u r t ,  FRG.
The r easons  f o r  t he  use of  t r i a m t e r e n e  and Elcema G250 a r e  g i ven  
above i n s e c t i o n  3 . 1 . 1  of  Chapt er  3.
4 . 1 . 2 .  Apparatus .
4 . 1 . 2 . 1 .  Suppor t i ng  mount f o r  ordered u n i t s .
Ordered u n i t s  of  Elcema G250 and t r i a m t e r e n e  were f i x e d  t o  a 
b r ass  p l a t e  ( F i g u r e  4 . 1 )  measur i ng 11.0mm x 14.7mm x 0.8mm. The 
b r ass  p l a t e  was s uppor t ed  by two s p e c i a l l y  c o n s t r u c t e d  perspex  
h o l d e r s  which were des i gned t o  f i t  i n s i d e  a lOcm^ volume  
u l t r a c e n t r i f u g e  t ube  ( F i g u r e  4 . 2 ) .  The h o l d e r s  f o r  t he  br ass  p l a t e  
were des i gned so t h a t  when t he  u l t r a c e n t r i f u g e  t ube  was i n s e r t e d  in  
t h e  r o t o r  and c o r r e c t l y  a l i g n e d ,  t he  p l a n e  of  t h e  br ass  p l a t e  would 
be p a r a l l e l  t o  t he  a x i s  of  r o t a t i o n  ( F i g u r e  4 . 3 ) .
The o u t s i d e  of  t he  u l t r a c e n t r i f u g e  t ube  was t hr e a d e d  so t h a t  i t  
coul d  be s e a l e d  us i ng an a l umi n i um screw cap.  T h i s  f a c i l i t y  was 
n e c e s s a r y  because t h e  r o t o r  chamber of  t h e  u l t r a c e n t r i f u g e  was 
e va cua t e d  above r o t a t i o n a l  speeds of  2 0 , 0 0 0 rpm t o  reduce  aerodynami c  
drag and e l i m i n a t e  h e a t i n g  due t o  f r i c t i o n  between t he  a i r  in t he  
r o t o r  chamber and t he  r o t o r .  The d i s t a n c e  of  t he  br ass  p l a t e  f rom 
t h e  a x i s  of  r o t a t i o n  was 63mm. Dur i ng  c e n t r i f u g a t i o n  t h e  r o t o r  was 
ba l anced  us i ng an e q u i v a l e n t  t ube  f i l l e d  w i t h  f i n e  sand.
4 . 1 . 2 . 2 .  F l uorescence microscopy.
The d i s t r i b u t i o n  of  t h e  a dh e r e n t  t r i m a t e r e n e  p a r t i c l e s  on t he  
s u r f a c e  of  an Elcema G250 c a r r i e r  p a r t i c l e  was d e t e r mi n e d  usi ng a
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■f l uorescence mi croscope ( F l u o v a r ,  Z e i s s ,  Oberkochen,  F . R . G . ) .  T h i s  
mi cr oscope  was f i t t e d  w i t h  a t r i n o c u l a r  head which a l l o we d  
s i m u l t a n e o u s  v i e w i n g  by t he  o p e r a t o r  and e i t h e r  a v i d e o  camera or  
p h o t o g r a p h i c  camera.  The c a r r i e r  p a r t i c l e s  t o  be examined were  
i l l u m i n a t e d  usi ng i n c i d e n t  u l t r a v i o l e t  l i g h t  and t he  p o s i t i o n  of  t he  
a d h e r e n t  t r i a m t e r e n e  p a r t i c l e s  de t e r mi n ed  by v i r t u e  of  t h e i r  b l ue  
f l u o r e s c e n c e .  The m a g n i f i c a t i o n  of  t h e  mi cr oscope  was a d j u s t e d  so 
t h a t  a s i n g l e  c a r r i e r  p a r t i c l e  occupi ed most of  t he  f i e l d  of  v iew
when obser ved t hr ough t he  v i d e o  camera.
The peak f l u o r e s c e n c e  of  t r i a m t e r e n e  o c c u r r e d  a t  an e x c i t a t i o n  
w a ve l e ng t h  of  a p p r o x i m a t e l y  365 nm, t h e  f l u o r e s c e d  l i g h t  had a 
w a ve l e ng t h  of  450nm.
4 . 1 . 2 . 3 .  The image a n a l y s i s  equipment .
The image a n a l y s e r  used t o  measure t he  d i s t r i b u t i o n  of  t he
a d h e r e n t  t r i a m t e r e n e  p a r t i c l e s  i s  d e s c r i b e d  i n  s e c t i o n  3 . 1 . 2  of  
Chapt er  3.
4 . 1 . 2 . 4 .  The u l t r a c e n t r i f u g e .
The u l t r a c e n t r i f u g e  used t o  a pp l y  a s e p a r a t i n g  f o r c e  t o  t he
a d h e r e n t  T r i a m t e r e n e  p a r t i c l e s  was c a p a b l e  a t t a i n i n g  a r o t a t i o n a l  
speed of  6 0 , 0 0 0  r e v o l u t i o n s  per  mi nut e  ( r e v  mi n- * ) .  When t he  
r o t a t i o n a l  speed exceeded 2 0 , 0 0 0  r e v  min~* t h e  r o t o r  chamber was 
a u t o m a t i c a l l y  evacua t ed  t o  r educe  t h e  e f f e c t  of  drag f rom t he  
s ur r o u n d i n g  a i r .  The t e m p e r a t u r e  of  t h e  r o t o r  chamber coul d  be 
t h e r m o s t a t i c a l l y  c o n t r o l l e d ,  however ,  t h i s  f a c i l i t y  was not  used 
because samples of  o r d er ed  u n i t s  were on l y  c e n t r i f u g e d  f o r  s h o r t  t i me  
p e r i  ods.
4 . 1 . 3 .  Methods
4 . 1 . 3 . 1 .  P re pa r a t i o n  of  ordered m i x t u r e s  of  Elcema 6250 and 
t r i a m t e r e n e .
Ordered m i x t u r e s  of  Elcema 6250 and t r i a m t e r e n e  were pr epar ed  by 
p l a c i n g  20 grammes of  Elcema 6250 t o g e t h e r  w i t h  0 . 1  grammes of  
t r i a m t e r e n e  i n a 0 . 2 1  amber g l a s s  j a r  and then shak i ng  by hand f o r  a 
minimum of  5 mi n u t es .  The s i z e  f r a c t i o n  of  Elcema 6250 used was t h a t  
which passed t hr ough a 405>im a p e r t u r e  s i e v e  but  was r e t a i n e d  on a 
295^m a p e r t u r e  s i e v e .
Four d i f f e r e n t  o r d er ed  m i x t u r e s  were i n v e s t i g a t e d  us i ng  samples
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of Elcema 6250 t h a t  had bean processed us i ng f o u r  d i s t i n c t  methods.
1. Elcema 6 2 5 0 ,  as r e c e i v e d  f rom t h e  m a n u f a c t u r e r ,  was exposed t o  
ambi ent  a t mospher i c  c o n d i t i o n s  f o r  a minimum p e r i o d  of  24 hours  
b e f o r e  be i ng used t o  p r e p a r e  an o r d er ed  m i x t u r e .
2.  Elcema 5250 was s t o r e d  i n a c l ose d  d e s i c c a t o r  over  d i s t i l l e d  
wat e r  a t  a t e m p e r a t u r e  of  30°C f o r  a minimum p e r i o d  of  72 hours  
b e f o r e  bei ng used t o  p r e p a r e  an o r d er ed  m i x t u r e .
3.  Elcema 6250 was formed i n t o  a l o o s e l y  pr essed  powder bed and
s u b j e c t e d  t o  t he  t e m p e r a t u r e  program used in t h e  e l e c t r e t  
f o r mi n g  p r oce dur e  d e s c r i b e d  i n  Chapt er  2 ( 2 . 1 . 3 . 6 ) .  The
pr ocessed power was used t o  p r e p a r e  an o r d e r e d  m i x t u r e  as soon
as i t  had coa l ed  t o  room t e m p e r a t u r e .  I t  shoul d  be noted t h a t
t h e  Elcema 6250 pr ocessed in t h i s  manner was not  exposed t o  an 
e l e c t r i c  f i e l d  a t  any t i me  d u r i n g  t he  h e a t i n g  p e r i o d .
4.  Elcema 6250 was formed i n t o  a l o o s e l y  pr essed  powder bed and
s u b j e c t e d  t o  t he  e l e c t r e t  f o r mi n g  p r oce dur e  d e s c r i b e d  i n Chapt er  
2 ( 2 . 1 . 3 . 6 ) .  The pr ocessed powder was used t o  p r e p a r e  an
or der ed  m i x t u r e  as soon as i t  had coo l ed  t o  room t e m p e r a t u r e  and
t he  e l e c t r i c  f i e l d  removed.
Wi th a l l  f o u r  forms of  t he  Elcema 6250 used above,  t he  adhesi on  
f o r c e s  between t he  t r i m a t e r e n e  and t he  pr ocessed Elcema 6250 c a r r i e r  
p a r t i c l e s  were measured usi ng s i n g l e  o r d er ed  u n i t  samples of  t he
m i x t u r e .  These samples were t aken  as soon as t he  mi x i ng  pr ocess  was
compl e t e  and t he  adhes i on f o r c e  p r o f i l e s  d e t e r mi n e d  w i t h  t he  minimum 
of d e l a y .
Dur i ng  c e n t r i f u g a t i o n  and subsequent  mi cr oscopy  no a t t e m p t  was 
made t o  p r e s e r v e  t he  p r o c e s s i n g  s t a t e  of  t h e  Elcema 6250.
4 . 1 . 3 . 2 .  Method f o r  f i x i n g  ordered u n i t s  t o  the brass p l a t e .
Ordered u n i t s  of  t r i a m t e r e n e  and Elcema 6250 were secur ed t o  t he  
one s u r f a c e  of  t he  br ass  p l a t e  d e s c r i b e d  above usi ng a r a p i d l y
s e t t i n g  epoxy r e s i n  a d h e s i v e .  A t h i n  f i l m  of  t h e  a d h e s i v e  was
smeared onto t h e  br ass  p l a t e  and a l l o w e d  t o  p a r t i a l l y  d r y .  A smal l
sample of  t he  o r d er ed  m i x t u r e  was then s p r i n k l e d  onto t h e  a d h e s i ve
and t hen l e f t  u n d i s t u r b e d  f o r  a p p r o x i m a t e l y  10  mi nu t es  f o r  t he
ad h e s i v e  t o  s e t .  Th i s  p r o ce d u r e  was found t o  s e c ur e  t he  Elcema 6250
p a r t i c l e s  t o  t he  br ass  p l a t e  w i t h o u t  t he  a d h e s i v e  w i c k i n g  i n t o  t he
body of  t h e  Elcema 6250 c a r r i e r  p a r t i c l e  ( Cha pt e r  3 ,  3 . 2 . 1 ) .
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4 . 1 . 3 . 3 .  A p p l i c a t i o n  of  s e p a r a t i n g  f o r c e .
A s e p a r a t i n g  f o r c e  was a p p l i e d  t o  t he  a d h e r e n t  t r i a m t e r e n e  
p a r t i c l e s  by c e n t r i f u g i n g  t he  br a ss  p l a t e ,  t o  which t he  c a r r i e r  
Elcema G250 p a r t i c l e s  were a t t a c h e d ,  i n  t h e  mount d e s c r i b e d  above.  A 
sequence of  i n c r e a s i n g  s e p a r a t i n g  f o r c e s  was a p p l i e d  t o  t he  a dh e r en t  
t r i a m t e r e n e  p a r t i c l e s  by c e n t r i f u g i n g  a t  0 r e v  m i n ~ * ,  2500 r ev  rnin- * ,  
5000 r ev  min- * ,  10000 r e v  mi n- * ,  20000 r ev  mi n- * ,  30000 r ev  mi n- * ,  
40000 r ev  mi n“ * and 50000 r ev  mi n~ * ‘ Ordered u n i t s  were exposed t o
each r o t o r  speed f o r  a f i v e  mi nut e  p e r i o d  t o  a l l o w  t h e  e f f e c t s  of
t i m e  dependent  bonding t o  be overcome and t o  ensur e  t h a t  t he  maximum
number of  p a r t i c l e s  were removed f o r  any g i ven  s e p a r a t i n g  f o r c e .  The
c e n t r i p e t a l  a c c e l e r a t i o n  f o r  t he  above r o t o r  speeds and t he
s e p a r a t i o n  f o r c e  e x e r t e d  on a ljjm p a r t i c l e  and a lOjjm p a r t i c l e  of
d e n s i t y  1000 kgm“  ^ a r e  shown i n T a b l e  4 . 1 .
Dur i ng  c e n t r i f u g a t i o n  t he  t i me  t o  r each maximum speed and t he
number of  r o t a t i o n s  ( rounded t o  t he  n e a r e s t  1 0 , 0 0 0  ) were not ed .
4 . 1 . 3 . 4  C o l l e c t i o n  and a n a l y s i s  of  composi te images.
P r i o r  t o  each p e r i o d  of  c e n t r i f u g a t i o n  and a f t e r  t he  f i n a l  
p e r i o d  of  c e n t r i f u g a t i o n  t he  d i s t r i b u t i o n  of  t h e  a d h e r e n t  p a r t i c l e s  
was r e co r d e d  by c o l l e c t i n g  a s e r i e s  of  d i g i t i s e d  images s i m i l a r  t o
t hose  shown i n  Chapt er  3 ( P l a t e s  3 . 5  t o  3 . 2 7 ) .  Each s e r i e s  of
d i g i t i s e d  images was then used t o  produce a compos i t e  d i g i t i s e d  image 
as d e s c r i b e d  in Chapt er  3.
The v i d e o m i c r o g r a p h y  used t o  g e n e r a t e  t h e  d i g i t i s e d  images meant  
t h a t  i t  was n e c es s ar y  t o  remove t h e  b r ass  p l a t e ,  and hence t he  
o r d er ed  u n i t s  under  e x a m i n a t i o n ,  f rom t he  c l ose d  c e n t r i f u g e  t ub e .  
T h i s  in t u r n  meant t h a t  t h e  o r d er ed  u n i t s  were exposed t o  ambi ent  
a t mo s p he r i c  c o n d i t i o n s .  Dur i ng v i d e o m i c r o g r a p h y  no a t t e m p t  was made 
t o  m a i n t a i n  t h e  i n i t i a l  p r o c e s s i n g  s t a t e  of  t h e  Elcema G250.
The compos i t e  images g e n e r a t e d  were a n a l y se d  us i ng  proc ANALYSE 
( Cha pt e r  3 ,  Appendix 2 ,  A 2 . 1 ) .  The da t a  c o l l e c t e d  c o n s i s t e d  of  t he  
t o t a l  number of  d e t e c t e d  p a r t i c l e s ,  measured as t he  d i s t i n c t  b r i g h t
f l u o r e s c i n g  a r eas  g r e a t e r  than 3 p i x e l s  in e x t e n t ,  and t he  t o t a l
number of  d e t e c t e d  p i x e l s .  These d a t a  were used t o  c a l c u l a t e  t he
ave r age  s i z e  of  t he  a dh e r e n t  p a r t i c l e s  t h a t  remai ned a f t e r  each 
p e r i o d  of  c e n t r i f u g a t i o n  by d i v i d i n g  t he  t o t a l  number of  d e t e c t e d  
p i x e l s  by t h e  t o t a l  number of  d e t e c t e d  a r e a s .  The t o t a l  number of  
d e t e c t e d  p i x e l s ,  t o t a l  number of  d e t e c t e d  p a r t i c l e s  and mean p a r t i c l e
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s i z e  ( i n  p i x e l s )  were p l o t t e d  a g a i n s t  r o t o r  speed,  i n  r ev  mi n ~ * ,  f o r  
a l l  f o u r  Elcema G250 p r o c e s s i n g  methods.
4 . 1 . 3 . 5 .  De te r mi na t i on  of  the cross  s e c t i o n a l  area of  the Elcema 
G250 c a r r i e r  p a r t i c l e .
The c r oss  s e c t i o n a l  a r ea  of  t h e  Elcema G250 c a r r i e r  p a r t i c l e s  i n  
t he  o r d er ed  u n i t s  examined was measured by empl oy i ng  proc ANALYSE in  
SPR128.  One of  t he  sequence of  d i g i t i s e d  images used t o  g e n e r a t e  
t he  compos i t e  image f rom which p a r t i c l e  s i z e  d a t a  was o b t a i n e d  was 
d i s p l a y e d  so t h a t  a l l  g r ey  l e v e l s  above a p r e d e t e r m i n e d  grey  l e v e l  
v a l u e  ( u s u a l l y  5 or 10) were d i s p l a y e d  as w h i t e .  Th i s  was done usi ng  
proc COLOURS i n SPR128.  The s i z e  of  t he  d i s p l a y e d  a r e a  was then  
measured us i ng  proc ANALYSE. The v a l u e  g e n e r a t e d  f o r  t he  a r ea  of  t he  
Elcema G250 c a r r i e r  p a r t i c l e  was then used t o  a d j u s t  t h e  number of  
a dh e r e n t  p a r t i c l e s  t o  account  f o r  d i f f e r e n c e s  i n  s i z e  between  
d i f f e r e n t  o r der ed  u n i t s .  The r e f e r e n c e  used her e  f o r  compar i son was 
t he  s i z e  of t he  o r d er ed  u n i t  p r e pa r e d  f rom Elcema 6250 s t o r e d  under  
ambi ent  l a b o r a t o r y  c o n d i t i o n s .
4.2 .  Resu l t s .
4 . 2 . 1 .  C e n t r i f u g a t i o n .
The t i m e  t o  r each t he  maximum r o t o r  speed were 1 mi nut e  f o r  
2 , 5 0 0  r e v  mi n- * ,  1 mi nut e  f o r  5 , 0 0 0  r ev  rnin- * ,  2 mi nut es  f o r  1 0 , 0 0 0  
r ev  min- * ,  4 mi nut es  f o r  2 0 , 0 0 0  r e v  mi n- * ,  7 mi nut es  f o r  3 0 , 0 0 0  r ev  
min- * ,  10 mi nut es  f o r  4 0 , 0 0 0  r e v  mi n- * and 1 2 . 5  mi nut es  f o r  5 0 , 0 0 0  
r ev  min- * .  The t o t a l  number of  r e v o l u t i o n s ,  t o  t h e  n e a r e s t  1 0 , 0 0 0 ,  
f o r  each of  t he  r o t o r  speeds used were 1 0 , 0 0 0 , 1 0 , 0 0 0 , 3 0 , 0 0 0 ,
7 0 , 0 0 0 ,  1 8 0 , 0 0 0 ,  3 3 0 , 0 0 0  and 5 3 0 , 0 0 0  r e v o l u t i o n s  r e s p e c t i v e l y .  These  
f i g u r e s  were found t o  be s i m i l a r  f o r  a l l  c e n t r i f u g a t i o n s  a t  t he  
c o r r e s p o n d i n g  r o t o r  speeds.
O b s e r v a t i o n  of  t he  c a r r i e r  p a r t i c l e s  i n d i c a t e d  t h a t  mi ni mal  
d i s t o r t i o n  had o cc u r r e d  d u r i n g  c e n t r i f u g a t i o n .  In a d d i t i o n  no 
c a r r i e r  p a r t i c l e s  were det ached  f rom t h e  a d h e s i v e  du r i n g  
c e n t r i f u g a t i o n .
4 . 2 . 2 .  Measurement of  p a r t i c l e  adhesion us ing composi te d i g i t i s e d
images.
P r i o r  t o  each p e r i o d  of  u l t r a c e n t r i f u g a t i o n  and a f t e r  t he  f i n a l  
p e r i o d  of  u l t r c e n t r i f u g a t i o n  a sequence of  d i g i t i s e d  images was
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c o l l e c t e d  and a compos i t e  image produced.  The compos i t e  images were  
t hen examined t o  d e t e r mi n e  t he  number of  d e t e c t e d  non background  
a r e a s  ( i e  a d h e r e n t  p a r t i c l e s ) ,  t h e  s i z e  of  each of  t he  non background  
ar e a s  and t he  t o t a l  number of  non background p i x e l s .
For each Elcema G250 p r o c e s s i n g  method i t  was found t h a t  t he  
t r e n d  was f o r  t he  number of  d e t e c t e d  p a r t i c l e s  and t he  t o t a l  number
of  d e t e c t e d  p i x e l s  t o  d ec r e as e  w i t h  i n c r e a s i n g  speed of  r o t a t i o n
( T a b l e s  4 . 2 ,  4 . 3 ,  F i g u r e s  4 . 4 ,  4 . 5 ) .  The mean c r oss  s e c t i o n a l  a r ea
of t he  a d h e r e n t  p a r t i c l e s  r e ma i n i n g  a f t e r  each p e r i o d  of
c e n t r i f u g a t i o n  was a l s o  found t o  f o l l o w  a s i m i l a r  t r e n d ,  d e c r e a s i n g  
wi t h  i n c r e a s i n g  speed of  r o t a t i o n  ( T a b l e s  4 . 4  t o  4 . 7 ,  F i g u r e  4 . 6 ) .  
There  were however s e v e r a l  anomalous o b s e r v a t  i ons  f o r  t h i s  da t a  where  
t h e  mean c r oss  s e c t i o n a l  a r ea  i n c r e a s e d  w i t h  i n c r e a s i n g  r o t o r  speed 
or d i d  not  f a l l  as s h a r p l y  as e x p e c t e d .
E x a mi n a t i o n  of  t he  da t a  o b t a i n e d  f o r  t h e  f o u r  pr ocesses  used t o  
p r e p a r e  Elcema G250 c a r r i e r  p a r t i c l e s  showed t h a t  t he y  coul d  be 
r anked a c c o r d i n g  t o  t h e i r  a b i l i t y  t o  r e t a i n  a d h e r e n t  t r i a m t e r e n e  
p a r t i c l e s  and t h a t  t h i s  r a n k i n g  was E l e c t r i s e d  > Ambient  > Dr i e d  > 
Humid.  T h i s  r a n k i n g  d i d  not  change when t he  number of  a dhe r en t  
p a r t i c l e s  and t o t a l  number of  d e t e c t e d  p i x e l s  was a d j u s t e d  t o  account  
f o r  d i f f e r e n c e s  in t he  s i z e  of  t h e  c a r r i e r  p a r t i c l e s  ( T a b l e s  4 . 7 ,
4 . 8 ,  F i g u r e s  4 . 7 ,  4 . 8 ) .
The e f f e c t  demonst r a t ed  by t he s e  r e s u l t s  i s  t h a t  e l e c t r i s i n g  t he  
Elcema G250 has i n c r e a s e d  t he  degree  of  p a r t i c l e  i n t e r a c t i o n  between  
t he  a d h e r e n t  T r i m a t e r e n e  p a r t i c l e s  and t he  Elcema G250 s u b s t r a t e .  
The i n t e r p a r t i c l e  adhesi on f o r c e s  f o r  Elcema G250 exposed t o  ver y  
humid c o n d i t i o n s  were s i g n i f i c a n t l y  reduced compared t o  t he  Elcema  
G250 s t o r e d  under  ambi ent  c o n d i t i o n s  and a l most  e q u i v a l e n t  t o  t he  
d r i e d  Elcema G250.  Th i s  r e s u l t  i s  c o n t r a r y  t o  t h a t  e xpec t ed  by 
c o n s i d e r a t i o n  of  o t h e r  p a r t i c l e  adhesi on e x p e r i m e n t s  ( 1 0 1 ,  102,  109,  
1 1 0 ) where hi gh l e v e l s  of  h u m i d i t y  were found t o  i n c r e a s e  
i n t e r p a r t i c l e  adhesi on f o r c e s .
4 . 2 . 3 .  Measurement of  the Cross s e c t i o n a l  area of  the Elcema 6250 
c a r r i e r  p a r t i c l e s .
The c r oss  s e c t i o n a l  a r ea  of  t he  Elcema G250 c a r r i e r  p a r t i c l e s  
were measured as d e s c r i b e d .  For t he  f o u r  o r d er ed  u n i t s  exami ned,  one 
f o r  each of  t he  s t o r a g e  e nv i r o n me n t s  used t o  c o n d i t i o n  t he  Elcema  
G250,  t h e  c r oss  s e c t i o n a l  a r ea s  were 19661 p i x e l s  ( a m b i e n t ) ,  26986
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p i x e l s  ( hu m i d ) ,  26031 p i x e l s  ( d r i e d )  and 20544 p i x e l s  ( e l e c t r i s e d ) .  
Where da t a  was a d j u s t e d  t o  account  f o r  d i f f e r e n c e s  i n  t he  s i z e  of  t he  
c a r r i e r  p a r t i c l e  t he  a r ea  o b t a i n e d  f o r  t he  ambi ent  o r der ed  u n i t  was 
used as a s t a n da r d  ( u n i t  c a r r i e r  p a r t i c l e  a r e a ) .  The m u l t i p l y i n g  
f a c t o r s  o b t a i n e d  by t h i s  o p e r a t i o n  were 1 . 0  ( a m b i e n t ) ,  0 . 7 2 8 6  
( h u m i d ) ,  0 . 7 5 5 3  ( d r i e d )  and 0 . 9 5 7 0  ( e l e c t r i s e d ) .
The measurement  of  t he  c r oss  s e c t i o n a l  a r e a  was c a r r i e d  out  
a f t e r  c e n t r i f u g a t i o n  a t  5 0 , 0 0 0  r e v  mi n” * .  Th i s  meant  t h a t  i t  was not  
p o s s i b l e  t o  assess t he  change,  i f  any,  i n  t he  c r o ss  s e c t i o n a l  a r ea  of  
t he  c a r r i e r  p a r t i c l e s  due t o  c e n t r i f u g a t i o n .
4.3 .  D i scuss i on .
4 . 3 . 1 .  Exposure of  processed Elcema 6250 t o  ambient  atmospher i c
c o n d i t i o n s .
Four p r o c e s s e s ,  exposure  a t  ambi ent  a t mo s p he r i c  c o n d i t i o n s ,  h i gh  
h u m i d i t y ,  s e v e r e  d r y i n g  and e l e c t r i s a t i o n ,  were used t o  p r e p a r e  
samples of  Elcema G250 f o r  t h e  s e r i e s  of  adhes i on f o r c e  measurements  
made. These p r o c e s s i n g  c o n d i t i o n s  were m a i n t a i n e d  u n t i l  t he  
pr ocessed Elcema G250 was mixed w i t h  t he  t r i a m t e r e n e .  From t h a t  
p o i n t  onwards t he  o r d er ed  m i x t u r e s  were exposed t o  ambi ent  
a t mo s p he r i c  c o n d i t i o n s  w h i l s t  be i ng  mounted on t he  br ass  p l a t e ,  
d u r i n g  c e n t r i f u g a t i o n  and f i n a l l y  d u r i n g  v i d e o m i c r o g r a p h y .
The exposure  t o  ambi ent  a t mo s p he r i c  c o n d i t i o n s  i s  v e r y  l i k e l y  t o  
have a f f e c t e d  t he  adhesi on  f o r c e s  t h a t  were be i ng  measured.  The most  
p r o b a b l e  cause of  changes i n p a r t i c l e  adhes i on would have been due t o  
t h e  a d s o r p t i o n  or l o s s  of  m o i s t u r e  as t h e  a d d i t i o n  or removal  of  
m o i s t u r e  was a key p a r t  of  t he  pr ocesses  used t o  p r e p a r e  t he  Elcema  
G250 used.  When exposed t o  ambi ent  a t mo s p he r i c  c o n d i t i o n s  t he
r e v e r s e  of  t he s e  p r ocesses  would have o c c u r r e d ,  t he  d r i e d  and
e l e c t r i s e d  Elcema G250 ads o r b i n g  a t mo s p he r i c  m o i s t u r e  and t he  
s a t u r a t e d  Elcema G250 l o s i n g  m o i s t u r e  t o  t h e  a tmosphere .
M o i s t u r e  a d s o r p t i o n  has been found t o  cause s i g n i f i c a n t  
r e d u c t i o n s  i n t he  s t o r e d  char ge  i n  Elcema G250 e l e c t r e t s  ( Chapt e r  2)  
over  r e l a t i v e l y  s h o r t  t i me  p e r i o d s .  Exposure  of t he  e l e c t r i s e d
Elcema G250 t o  a t mo s p he r i c  m o i s t u r e  i s  t h e r e f o r e  l i k e l y  t o  reduce t he  
e l e c t r e t  c o n t r i b u t i o n  t o  p a r t i c l e  adhesi on as t h e  measurement  of t he  
adhesi on  f o r c e  p r o f i l e s  a r e  measured.  P a r t i c l e s  r e ma i n i n g  a f t e r  
c e n t r i f u g a t i o n  a t  5 0 , 0 0 0  r e v  min“ * w i l l  t h e r e f o r e  be bound by 
mechanisms o t h e r  than excess  e l e c t r o s t a t i c  c ha r g e .  In a s i m i l a r
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manner t he  l o s s  of s u r f a c e  m o i s t u r e  f rom t he  s a t u r a t e d  Elcema G250 
w i l l  l ead  t o  a r e d u c t i o n  of t h e  adhesi on  f o r c e s  ( Chapt e r  1, 1 . 2 . 2 . 3 )  
as t he  s i z e  of  t he  meniscus of  t he  l i q u i d  b r i d g e  w i l l  be r educed .
The e f f e c t  of  exposure  t o  a t mo s p he r i c  c o n d i t i o n s  can be examined  
by e x p r e s s i n g  t he  number of  a dh e r e n t  p a r t i c l e s  and t o t a l  cross
s e c t i o n a l  a r e a s ,  a d j u s t e d  f o r  u n i t  c a r r i e r  p a r t i c l e  a r e a ,  as a
p e r c e n t a g e  of  t he  v a l u e  o b t a i n e d  under  ambi ent  c o n d i t i o n s .  T h i s  w i l l  
show i f  t h e  r a t e  of  l o s s  of  p a r t i c l e s  a f t e r  c e n t r i f u g a t i o n  i s  g r e a t e r  
or l e s s  than t h a t  o c c u r r i n g  f o r  a dh e r e n t  p a r t i c l e s  under  ambi ent  
c o n d i t i o n s  ( T a b l e s  4 . 9 ,  4 . 1 0 ,  F i g u r e s  4 . 9 ,  4 . 1 0 . ) .  In F i g u r e s  4 . 9  
and 4 . 1 0  i t  can be seen t h a t  t he  r a t e  of  l o s s  of  a dh e r e n t  p a r t i c l e s  
r emai ns  r e l a t i v e l y  c o n s t a n t  f o r  t he  Elcema G250 s u b s t r a t e  exposed t o  
humid c o n d i t i o n s .  The r e l a t i v e  l o s s  of  a d h e r e n t  p a r t i c l e s  f o r  t he  
d r i e d  Elcema G250 and t he  e l e c t r i s e d  Elcema G250 d ec r eases  w i t h  
i n c r e a s i n g  r o t o r  speed ( i e  p a r t i c l e s  a r e  not  be i ng  l o s t  as r a p i d l y ) .  
Thi s  phenomena would suggest  t h a t  e l e c t r i s i n g  t he  Elcema G250
i n c r e a s e s  t h e  i n i t i a l  i n t e r p a r t i c l e  adhes i on f o r c e s  however  i t  i s  not  
t h e  s o l e  e f f e c t  caus i ng  t h e  i n t e r p a r t i c l e  a dh e s i on .
The l o s s  or a d s o r p t i o n  of wa t e r  f rom t h e  Elcema G250 p artic les  
may a l s o  have o t h e r  s i d e  e f f e c t s  because wa t e r  can a c t  as a 
p l a s t i c i s e r  f o r  c e l l u l o s e  ( 2 1 8 ) .  I t  i s  t h e r e f o r e  p o s s i b l e  t h a t  t he  
s i z e  of  t he  c o n t a c t  a r ea  between t he  a d h e r e n t  p a r t i c l e  and t he  
c a r r i e r  s u b s t r a t e  w i l l  change as wa t e r  i s  l o s t  or adsor bed .  T h i s  i s  
p a r t i c u l a r l y  t r u e  i f  t he  c o n t a c t  a r ea  i s  dependent  on any e l a s t i c  
a nd / o r  p l a s t i c  d e f o r m a t i o n  of  t he  c e l l u l o s e  s u b s t r a t e .  A p p l i c a t i o n  
of  t h i s  h y p o t h e s i s  t o  t he  r e l a t i v e  adhes i on f o r c e  p r o f i l e s  ( F i g u r e s
4 . 9 ,  4 . 1 0 )  would e x p l a i n  why t he  number of  p a r t i c l e s  l o s t  a r e  not  as
g r e a t  as f o r  Elcema G250 mixed under  ambi ent  c o n d i t i o n s .  The c o n t a c t  
a r e a  has i n c r e a s e d  because t he  a d s o r p t i o n  of  m o i s t u r e  has i n c r e a s e d  
t h e  p l a s t i c i t y  of  t he  c e l l u l o s e  s u b s t r a t e  and hence t he  p e n e t r a t i o n  
of t h e  a d h e r e n t  p a r t i c l e s  i n t o  t he  s u b s t r a t e .
Some e v i d e n ce  t o  s uppor t  t h i s  h y p o t h e s i s  can be ga i ned  f rom 
F i g u r e s  4 . 9  and 4 . 1 0  because t h e  r a t e  of  p a r t i c l e  l o s s  of  t he  
e l e c t r i s e d  Elcema 6250 i s  l e s s  than t h a t  of  t h e  d r i e d  Elcema G250.  
The a d s o r p t i o n  of  a t mo s p he r i c  m o i s t u r e  would i n e v i t a b l y  occur  a t  t he  
s u r f a c e  of  t he  c a r r i e r  p a r t i c l e s .  I n i t i a l l y  any i n c r e a s e  i n  t he  
p l a s t i c i t y  of  t he  Elcema G250 s u b s t r a t e  would occur  a t  t he  s u r f a c e .  
Thi s  would a l l o w  t h e  e l e c t r o s t a t i c  a t t r a c t i o n  due t o  any e l e c t r e t  
c har ge  r e l a t i v e l y  d i s t a n t  f rom t h e  s u r f a c e  t o  c o n t i n u e  a c t i n g  and
2 2 3
promote t he  c r e a t i o n  of  an i n c r e a s e d  c o n t a c t  a r e a .  Consequent l y  t he  
c o n t a c t  a r e a  would be g r e a t e r  than t h a t  o b t a i n e d  f o r  d r i e d  Elcema  
G250 even though t he  same q u a n t i t i e s  of  m o i s t u r e  a r e  i n v o l v e d .
C o n s i d e r a t i o n  of  t he  f o r c e s  i n v o l v e d  f o r  h y p o t h e t i c a l  lym
d i a m e t e r  and lOjjm d i a m e t e r  p a r t i c l e s  ( T a b l e  4 . 1 )  shows t h a t  a t  5 0 , 0 0 0
r e v  min~*  t he  s e p a r a t i n g  f o r c e  be i ng a p p l i e d  a r e  *** ^ 0  x 1 0 " ^ 'N and
'fc£?0 x 1G“ ^N r e s p e c t i v e l y .  I f  i t  i s  assumed
t h a t  t he  a r ea  of  c o n t a c t  between t h e  a dh e r e n t  p a r t i c l e s
and t he  c a r r i e r  s u b s t r a t e  i s  e q u i v a l e n t  t o  one t e n t h  of  t he  c r oss
s e c t i o n a l  a r e a  of  t he  p a r t i  c l e s  then t he  p r e s s u r e s  e x e r t e d  between
- 6  . . - 2.
t he  c a r r i e r  p a r t i c l e s  and t h e i r  c a r r i e r  s u b s t r a t e  ar
— b
and M These pressures , even i f  o v e r e s t i m a t e d  by a f a c t o r  of
1 0 , a r e  c e r t a i n l y  s u f f i c i e n t  t o  cause t h e  d e f o r m a t i o n  of t he  s u r f a c e s  
i n v o l v e d .  C o n s e q u e n t l y ,  t he  mechanism proposed above f o r  t he  
r e t e n t i o n  of  t he  a dh e r e n t  p a r t i c l e s  a f t e r  t h e  a d s o r p t i o n  of  
a t mo s p he r i c  m o i s t u r e  i s  v e r y  l i k e l y  t o  occ ur .
The exposur e  t o  ambi ent  a t mo s p he r i c  c o n d i t i o n s  can be avoi ded  
a l t h o u g h  t h i s  would r e q u i r e  changes t o  t he  equi pment  and methodol ogy  
d e s c r i b e d  above.  M i x i ng  i n a dr y  atmosphere  cou l d  be a r r ange d  by 
usi ng  d r i e d  n i t r o g e n  so t h a t  m o i s t u r e  coul d  be e xc l uded  where i t  were  
not  r e q u i r e d .  The c e n t r i f u g e  t ube  cou l d  be r e d e s i g n e d  so t h a t  t he  
b r ass  p l a t e  coul d  be observed w i t h o u t  t he  need f o r  d i s a s s e m b l i n g  t he  
per spex s u p p o r t s .  T h i s  t as k  has been made e a s i e r  by t he  a r r i v a l  of  
mi cr oscope  o b j e c t i v e  l e n se s  w i t h  work i ng d i s t a n c e s  upto 2 cm ( as used 
i n  t he  s emi conduc t or  i n d u s t r y  ) .
4 . 3 . 2 .  Assessment of  t he p a r t i c l e  adhesion data .
The d a t a  o b t a i n e d  f o r  t he  number of  a d h e r e n t  p a r t i c l e s  r e ma i n i ng
a f t e r  c e n t r i f u g a t i o n  and t he  mean a d h e r e n t  p a r t i c l e  s i z e  show
e v i d e n c e  of  anomalous r e s u l t s .  These anomalous r e s u l t s  c o n s i s t  of  an
(T*b\e
a p p a r e n t  i n c r e a s e  i n t he  number of  a dh e r e n t  p a r t i c l e s / o r  an i n c r e a s e
(T«b|e 4-u)
i n t he  mean p a r t i c l e  s i z&j ^  w i t h  i n c r e a s i n g  r o t o r  speed.  The 
e l e c t r i s a t i o n  of  Elcema G250 appear s  t o  have i n c r e a s e d  t h e  degree of  
p a r t i c l e  i n t e r a c t i o n  as d e s i r e d .  h o o fe r , appear s  to
p e r s i s t  even when s u f f i c i e n t  a t mo s p he r i c  m o i s t u r e  ha<t been adsorbed  
to d e s t r o y  t he  e l e c t r e t  c ha r g e .  In c o n t r a s t ,  t h e  degree  of p a r t i c l e  
adhesi on  observed f o r  t he  Elcema G250 exposed t o  ve r y  humid 
c o n d i t i o n s  was reduced compared t o  t he  Elcema G250 exposed t o  ambi ent  
a t mo s p he r i c  c o n d i t i o n s .  Th i s  r e s u l t  was t h e  o p p o s i t e  of  t h a t  expect ed
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( 101 ,  102,  109,  1 1 0 ) .
4 . 3 . 2 . 1 .  E f f e c t  of  image r e s o l u t i o n  and p a r t i c l e  agg l omera t i on  on 
t he p a r t i c l e  adhesion p r o f i l e s  measured.
The a p p a r e n t  i n c r e a s e  in t he  number of  p a r t i c l e s  r e ma i n i n g  a f t e r  
c e n t r i f u g a t i o n  noted on s e v e r a l  o cc as i o n s  and t he  anoma l i es
i n t he  mean p a r t i c l e  a r e a s ,  can be ex p l a i n e d  by c o n s i d e r a t i o n  of  t he  
r e s o l u t i o n  of  t h e  d i g i t i s e d  image and by c l o s e  pack i ng  of  t he  
a d h e r e n t  p a r t i c l e s .  The a n a l y s i s  of  t he  a d h e r e n t  p a r t i c l e s  r e ma i n i n g  
a f t e r  c e n t r i f u g a t i o n  i s  based upon t he  assumpt i on t h a t  any non 
background a r e a  o c c u r r i n g  i n t he  compos i t e  image r e l a t e s  t o  a s i n g l e  
a d h e r e n t  p a r t i c l e .  Th i s  assumpt i on was not  c o r r e c t  f a r  t h e  compos i t e  
d i g i t i s e d  images produced by COMPOS.
When a number of  a dh e r e n t  p a r t i c l e s  were p l a ce d  v e r y  c l o s e  
t o g e t h e r  t he  r e s o l u t i o n  of  t he  d i g i t i s e d  image i s  i n s u f f i c i e n t  t o  
s e p a r a t e  them and as a consequence t hey  appear  as a s i n g l e  p a r t i c l e .  
I f  such a group of  p a r t i c l e s  a r e  s u b j e c t e d  t o  c e n t r i f u g a t i o n  then  
s e v e r a l  e v e n t s  can occur .  One p o s s i b i l i t y  i s  t h a t  a l l  t he  a dher en t  
p a r t i c l e s  coul d  be det ached a t  t h e  same t i m e .  T h i s  i s  e f f e c t i v e l y  t he  
same as i f  t he  group of p a r t i c l e s  were a s i n g l e  p a r t i c l e .  Another  
p o s s i b i l i t y  i s  t h a t  one of  t he  group of  p a r t i c l e s  would be removed.  
T h i s  would have t h e  e f f e c t  of  r e d u c i n g  t he  t o t a l  c r oss  s e c t i o n a l  a r ea  
of  t he  a dh e r e n t  p a r t i c l e  w h i l s t  m a i n t a i n i n g  t h e  number of  p a r t i c l e s .  
Co ns e qu e n t l y  t he  mean cr oss  s e c t i o n a l  a r ea  would d ec r e as e  a l t h o u g h  
t h e  number of  a dh e r e n t  p a r t i c l e s  r emai ns  t he  same.
A v a r i a t i o n  on t he  l oss  of  one p a r t i c l e  i n  a group i s  t he  
movement of  one of  t h e  p a r t i c l e s  acr oss  t he  c a r r i e r  p a r t i c l e  s u r f a c e .  
T h i s  i s  a phenomenon t h a t  has been observed in o t h e r  p a r t i c l e  
adhesi on  e x p e r i m e n t s  ( 9 7 ) .  I f  such movement meant t h a t  t h e  p a r t i c l e  
coul d  be r e s o l v e d  i n i t s  own r i g h t  then t h e  e f f e c t  would be t o  
i n c r e a s e  t he  number of  p a r t i c l e s  p r e s e n t  w h i l s t  m a i n t a i n i n g  t h e  t o t a l  
c r oss  s e c t i o n a l  a r e a .  Aga i n ,  t h i s  would l ead t o  a dec r e as e  in t he
mean a dh e r e n t  p a r t i c l e  s i z e .  The a pp a r e n t  i n c r e a s e  observed f o r  t he  
mean a d h e r e n t  p a r t i c l e  s i z e  r e q u i r e s  t he  pr e se nc e  of a group of  
c l o s e l y  packed a d h e r e n t  p a r t i c l e s  and some o t h e r  s i n g l e  p a r t i c l e s  
which can be i n d i v i d u a l l y  r e s o l v e d .  I f  a f t e r  c e n t r i f u g a t i o n  some of  
t he  s i n g l e  p a r t i c l e s  were removed but  t he  group of  p a r t i c l e s  
m a i n t a i n e d  i n t a c t  then i t  would appear  as though o n l y  t he  s m a l l e r  
p a r t i c l e s  had been removed.  Cons e que nt l y  t he  mean a d h e r e n t  p a r t i c l e
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s i z e  would appear  t o  have i n c r e a s e d  a f t e r  c e n t r i f u g a t i o n  r a t h e r  than  
bei ng decr eased as would be e x p e c t e d .
Ex a mi n a t i o n  of  t he  p a r t i c l e  s i z e  and a r e a  d a t a  f o r  t he  f o u r  
t ype s  of  pr ocessed Elcema 6250 powder examined shows t h a t  a l l  of  t he  
above mechanisms must be t a k i n g  p l a c e  i n t he  p r e p a r e d  or der ed  u n i t s .  
The c o n f u s i o n  br ought  about  by t he s e  e f f e c t s  cou l d  be reduced by
compar i ng images b e f o r e  and a f t e r  c e n t r i f u g a t i o n  t o  d e t e r mi n e  where  
any changes had t aken  p l a c e .  T h i s  would a l l o w  t he  i d e n t i f i c a t i o n  of  
a r ea s  which have ' s h r u n k ' ,  p a r t i c l e s  t h a t  have moved or been newly  
c r e a t e d ,  t h e r e b y  a l l o w i n g  a p r o f i l e  t o  be g e n e r a t e d  which r e l a t e d  t he  
s i z e  of  t h e  det ached  p a r t i c l e s  t o  t h e  s e p a r a t i n g  f o r c e  a p p l i e d .  Th i s  
t y p e  of  a n a l y s i s  was t h a t  o r i g i n a l l y  i n t e n d e d  f o r  use h e r e ,  however ,  
t he  c o m p l e x i t y  of  t h e  s o f t w a r e  i n v o l v e d  when w r i t t e n  in machine code 
meant t h a t  i t  had t o  be dropped i n  f a v o u r  of  t h e  methods used in
COMPOS.
4 . 3 . 2 . 2 .  E f f e c t  of  e l e c t r i s a t i o n  on p a r t i c l e  adhesion.
The e x a m i n a t i o n  of  t h e  e l e c t r e t  e f f e c t  i n  c e l l u l o s e  based
t a b l e t i n g  e c i p i e n t s  ( Chapt e r  2)  was per f or med i n  o r d e r  t o  d e t e r m i n e  
t he  f e a s i b i l i t y  of  us i ng e l e c t r i s e d  m a t e r i a l s  t o  enhance p a r t i c l e  
i n t e r a c t i o n  w i t h o u t  t he  danger  of  powder e x p l o s i o n s  i n h e r e n t  w i t h  t he  
use of  c o n v e n t i o n a l  e l e c t r o s t a t i c  c h a r g i n g .  Ex a mi n a t i o n  of  t he
adhes i on f o r c e  p r o f i l e s  in F i g u r e s  4 . 7  and 4 . 8 .  i n d i c a t e  t h a t
e l e c t r i s a t i o n  i n c r e a s e d  t he  degr ee  of  i n t e r p a r t i c 1 e adhesi on compared 
t o  Elcema G250 exposed t o  ambi ent  a t mo s p he r i c  c o n d i t i o n s .  The t o t a l  
e f f e c t  of  t h e  e l e c t r e t  char ge  i s ,  however ,  f a r  more pronounced when 
i t  i s  compared t o  a m a t e r i a l  which has been s u b j e c t e d  t o  t he  same 
pr ocess  w i t h o u t  t he  e l e c t r i s a t i o n  s t e p ,  t h a t  i s  t h e  d r i e d  Elcema  
6250 .  In t h i s  case i t  can be seen t h a t  t h e  degr ee  of  p a r t i c l e
i n t e r a c t i o n  i s  i n c r e a s e d  t o  an even g r e a t e r  e x t e n t ,  t h e r e  be i ng  
a p p r o x i m a t e l y  507. more a dh e r e n t  p a r t i c l e s  per  u n i t  a r ea  or a minimum 
of 1007. more c r oss  s e c t i o n a l  a r e a  f o r  t he  e l e c t r i s e d  m a t e r i a l  than  
t he  d r i e d  m a t e r i a l .
I t  was i n i t i a l l y  t hought  t h a t  t he  i n c r e a s e  i n  i n t e r p a r t i c l e  
adhesi on  due t o  t h e  e l e c t r e t  e f f e c t  would be l o s t  when t h e  m a t e r i a l  
was exposed t o  ambi ent  a t mo s p he r i c  c o n d i t i o n s  due t o  t h e  a d s o r p t i o n  
of  m o i s t u r e .  However ,  c o n s i d e r a t i o n  of  t h e  e f f e c t  of  wa t e r  on d r i e d  
c e l l u l o s e  ( 218)  and F i g u r e  4 . 9  and 4 . 1 0  would i n d i c a t e  t h a t  t h i s  i s  
not  t he  case.  The observed e f f e c t s  a r e  t h a t  t he  d r i e d  and e l e c t r i s e d
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m a t e r i a l  l o s e  t h e i r  a dh e r e n t  p a r t i c l e s  l e s s  e a s i l y  as t he y  adsorb  
m o i s t u r e .  Th i s  e f f e c t  i s  t hought  t o  be due t o  t h e  s o f t e n i n g  of  t he  
c e l l u l o s e  s u b s t r a t e  due t o  t he  p l a s t i c i s i n g  e f f e c t  of w a t e r .  In 
a d d i t i o n ,  t h e  presence  of  t he  e l e c t r e t  c h a r g e ,  a l t h o u g h  d e s t r o y e d  by 
t he  a d s o r p t i o n  of  w a t e r ,  i s  s u f f i c i e n t  t o  i n c r e a s e  t h e  i n t e r p a r t i c l e  
c o n t a c t  a r e a  compared t o  t he  d r i e d  Elcema 6 25 0 ,  d u r i n g  t he  i n i t i a l  
s t a g e s  of  m o i s t u r e  a d s o r p t i o n .
The e f f e c t  of  e l e c t r i s a t i o n  and d r y i n g  have ,  however ,  o n l y  been 
examined h er e  usi ng a s i n g l e  o r d e r e d  u n i t  f rom each bat ch of  
m a t e r i a l .  The r e s u l t s  o b t a i n e d  i n d i c a t e  t h a t  e l e c t r i s a t i o n  does 
s i g n i f i c a n t l y  i n c r e a s e  p a r t i c l e  i n t e r a c t i o n  and t h a t  t he  a d s o r p t i o n  
of  m o i s t u r e  does not  d e s t r o y  t he  degree  of  p a r t i c l e  i n t e r a c t i o n  but  
mer e l y  r e p l a c e s  one adhesi on mechanism f o r  a n o t h e r .  T h i s  l a t t e r  
p o i n t  does r e q u i r e  f u r t h e r  i n v e s t i g a t i o n  t o  d e t e r m i n e  t he  e xa c t  
mechanisms i n v o l v e d .
4 . 3 . 2 . 3 .  Ex p l ana t i on  f o r  t he reduced i n t e r p a r t i c l e  adhesion f o r c es  
between Tr i amterene  and Elcema 6250.
The p a r t i c l e  adhesi on d a t a  o b t a i n e d  f o r  t he  Elcema 6250 exposed 
t o  ve r y  h i gh l e v e l s  of  h u m i d i t y  was e xpec t ed  t o  be comparabl e  t o ,  or  
g r e a t e r  t h a n ,  t h e  p a r t i c l e  adhes i on observed f o r  t he  e l e c t r i s e d  
Elcema 6250 .  In p r a c t i s e  t he  degr ee  of  p a r t i c l e  adhes i on was t he  
l owest  o b s e r v e d ,  be i ng l ower  even than t he  d r i e d  Elcema 6250 .  Th i s  
a p p a r e n t  anomaly can be e x p l a i n e d  by c o n s i d e r a t i o n  of  t he  m o l e c u l a r  
s t r u c t u r e  of  t r i a m t e r e n e  ( F i g u r e  4 . 1 1 )  and t he  n a t u r e  of t h e  hydrogen  
bond ( Chapt e r  1,  1 . 2 . 2 . 4 ) .
An i n i t i a l  c o n s i d e r a t i o n  of  t he  m o l e c u l a r  s t r u c t u r e  of  
t r i a m t e r e n e  r e v e a l s  t h a t  i t  c o n t a i n s  seven n i t r o g e n  atoms each of  
which has a l one  p a i r  of  e l e c t r o n s  s u i t a b l e  f o r  hydrogen bondi ng.  I t  
would t h e r e f o r e  be expect ed  t h a t  hydrogen bondi ng between t r i a m t e r e n e  
and wa t e r  would be e x t e n s i v e ,  t he  hydrogen mo l e cu l e s  i n  t h e  water  
mol e cu l e s  a s s o c i a t i n g  w i t h  t he  l one  p a i r  e l e c t r o n s  of  t he  n i t r o g e n ’ 
atoms.  The n a t u r e  of  t h e  hydrogen bond,  however ,  r e q u i r e s  t h a t  both  
e l e c t r o n s  of  t h e  l one  p a i r  a r e  i n v o l v e d  i n  t he  bond.  A more d e t a i l e d  
c o n s i d e r a t i o n  of  t r i a m t e r e n e  r e v e a l s  t h a t  i t  i s  a mo l e cu l e  which can 
undergo a s u b s t a n t i a l  degr ee  of  r esonance  and t h a t  t he  r esonance  
s t r u c t u r e s  formed would a l most  c e r t a i n l y  i n v o l v e  t h e  d e l o c a l i s a t i o n  
of e l e c t r o n s  f rom t he  l one  p a i r s  due t o  t h e i r  i nv o l v e me n t  in 
r esonance  h y b r i d s  of  t r i a m t e r e n e .  As a r e s u l t  of  t h i s  t h e  l one  p a i r s
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of e l e c t r o n s  on t he  n i t r o g e n  atoms a r e  p r e v e n t e d  f rom bei ng i n v o l v e d  
i n hydrogen bonding so t h a t  t he  a c t u a l  degr ee  of  i n t e r a c t i o n  between  
wat e r  and t r i a m t e r e n e  i s  a c t u a l l y  v e r y  s m a l l .  T r i a m t e r e n e  i s  in f a c t  
o n l y  s l i g h t l y  s o l u b l e  i n  wat er  which t ends  t o  s uppor t  t h i s
h y p o t h e s i  s .
I t  would t h e r e f o r e  appear  t h a t ,  a l t h o u g h  i n g e n e r a l ,  t he
pr esence  of  s u r f a c e  m o i s t u r e  l e a d s  t o  an i n c r e a s e  i n p a r t i c l e  
i n t e r a c t i o n ,  as i n d i c a t e d  by l i t e r a t u r e  r e f e r e n c e s  ( 1 0 1 ,  102,  109,
1 1 0 ) ,  t h e  n a t u r e  of  t he  T r i a m t e r e n e  mol e cu l e  i s  such t h a t  t he  main 
mechanism f o r  t he  i n c r e a s e  i n  p a r t i c l e  adhes i on cannot  be u t i l i s e d .
T h i s  o b s e r v a t i o n  a l s o  means t h a t  t he  a d s o r p t i o n  of  wa t e r  by t he  
c e l l u l o s e  s u b s t r a t e  of  Elcema G250 w i l l  not  a f f e c t  any p a r t i c l e
adhes i on due t o  hydrogen bondi ng between i t  and t he  a dh e r en t
t r i a m t e r e n e  p a r t i c l e s  because l i t t l e  or none would occ ur .  The 
i n t e r p a r t i c l e  f o r c e s  between t r i a m t e r e n e  and Elcema G250 a r e  
t h e r e f o r e  l i k e l y  t o  be due s o l e l y  t o  e l e c t r o s t a t i c  e f f e c t s  ( excess  
c h a r g e ,  e l e c t r i c  doubl e  l a y e r  e t c )  and t r u e  van der  Waals-London  
f o r c e s .
4 . 3 . 3 .  Advantages and l i m i t a t i o n s  of  image a n a l y s i s .
The use of  image a n a l y s i s  t o  measure t h e  number of  p a r t i c l e s  
adhered t o  a c a r r i e r  p a r t i c l e  has been s u c c e s s f u l .  The t e c h n i q u e s  
d e v e l o p e d ,  a l t h o u g h  not  p e r f e c t ,  have a l l o w e d  t h e  g e n e r a t i o n  of  
p a r t i c l e  adhesi on da t a  based on i n d i v i d u a l  a d h e r e n t  p a r t i c l e s .  Th i s  
t ype  of d a t a  has not  p r e v i o u s l y  been a v a i l a b l e  i n  such d e t a i l .  
However ,  d e s p i t e  t he  success of  t he  image a n a l y s i s  t e c h n i q u e s  
devel oped above i t  has not  been p o s s i b l e  t o  t a k e  f u l l  advant age  of  
a l l  t he  i n f o r m a t i o n  a v a i l a b l e  due t o  l a c k  of  t i m e  and d i f f i c u l t i e s  
i n v o l v e d  i n  d e v e l o p i n g  s o f t w a r e  i n  6502 machine code.  The a n a l y s i s  
of  s uc c e s s i v e  compos i t e  images has d emons t r a t ed  t h a t  s e v e r a l  
s i g n i f i c a n t  d e f i c i e n c i e s  e x i s t  in t he  image a n a l y s i s  s o f t w a r e  
deve l oped above.  These d e f i c i e n c i e s  a r e  t he  i n a b i l i t y  t o  r e s o l v e  
groups of  c l o s e l y  packed p a r t i c l e s  due t o  t h e  r e s o l u t i o n  of t he  
d i g i t i s e d  i mage,  t he  f a i l u r e  t o  c o r r e c t l y  i d e n t i f y  a d h e r e n t  p a r t i c l e s  
when t he y  a r e  c o r r e c t l y  f o c u s e d ,  t he  f a i l u r e  t o  t a k e  t h e  c r oss  
s e c t i o n a l  a r ea  of  t he  a d h e r e n t  p a r t i c l e  i n t o  account  a u t o ma t i  c a l y  
when a n a l y s i n g  compos i t e  i mages.  Less s e r i o u s  a r e  t he  l a c k  of a 
t h r e e  d i mens i ona l  r e c o n s t r u c t i o n  of  t h e  c a r r i e r  p a r t i c l e  s u r f a c e  and 
t he  a b i l i t y  to i d e n t i f y  which a dh e r en t  p a r t i c l e s  have been d e t a t c h e d
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■from t he  c a r r i e r  p a r t i c l e  s u r f a c e .
These d e f i c i e n c i e s  a r e  not  d i f f i c u l t  t o  overcome but  would 
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Tabl e  4 . 1 .  Rotor  soeeds,  a ngu l a r  a c c e l e r a t i o n s  and s e o a r a t i n g  f o r c e s  
e xp er i en c ed  bv a dher ent  s p h e r i c a l  p a r t i c l e s ,  of  u n i t
d e n s i t y
Rotor  
speed 
i r e v  mi n- M
m a t e r i a l ,
Elcema 
Ambient
1 y m and 10  u m
6250 s t o r a g e  
Humi d
in d i a m e t e r .
c o n d i t i o n s  
Dr l ed E l e c t r i s e d
0 1 1 0 . 0 0 108 . 00 109 . 00 134 . 00
2500 104 . 00 6 6 . 0 0 8 7 . 0 0 126. 00
5000 8 7 . 0 0 5 9 . 0 0 7 7 . 0 0 116 . 00
1 0 0 0 0 8 1 . 0 0 5 8 . 0 0 7 0 . 0 0 113. 00
2 0 0 0 0 7 0 . 0 0 4 8 . 0 0 6 5 . 0 0 98 . 0 0
30000 4 5 . 0 0 3 7 . 0 0 6 0 . 0 0 9 3 . 0 0
40000 5 0 . 0 0 3 3 . 0 0 5 8 . 0 0 82 . 0 0
50000 4 3 . 0 0 3 3 . 0 0 4 9 . 0 0 75 . 0 0
Tab l e  4 . 2 .  Number of  adherent  p a r t i c l e s  r e ma i n i n g  a f t e r  
c e n t r i f u g a t i o n  as det e r mi ned  from t he  composi te  image 
usi ng Proc ANALYSE in SPR12B v e r s i o n  2 (Appendi x 1 ) .
Rotor
speed
Elcema S250 s t o r a a e  c o n d i t i o n s
rev min~ * j Ambient Humid Dr l ed E l e c t r i  sed
0 2 3 6 6 . 0 0 1573 . 00 1 2 8 3 . 0 0 286 2 . 0 0
2500 1128 . 00 9 7 9 . 0 0 8 3 2 . 0 0 1948 . 00
5000 8 6 6 . 0 0 9 2 9 . 0 0 7 1 3 . 0 0 1306 . 00
1 0 0 0 0 6 5 2 . 0 0 6 9 1 . 0 0 5 2 3 . 0 0 1004 . 00
2 0 0 0 0 5 9 7 . 0 0 4 1 9 . 0 0 4 3 6 . 0 0 9 60 . 00
30000 3 1 4 . 0 0 3 5 8 . 0 0 4 0 6 . 0 0 7 66 . 00
40000 2 7 5 . 0 0 2 4 8 . 0 0 3 6 4 . 0 0 5 41 . 00
50000 2 1 1 . 0 0 2 0 5 . 0 0 2 8 9 . 0 0 452 . 00
T a b l e  4 . 3 .  T o t a l  c ross  s e c t i o n a l  area  ( i n  p i x e l s )  of  p a r t i c l e s  
r e ma i n i n g  a f t e r  c e n t r i f u g a t i o n  as measured by Proc  
ANALYSE in SPR128 v e r s i o n  2 (Appendix 2 , A 2 . 1 3 )
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Rot or  Elcema G250 s t o r a ge  c o n d i t i o n s
speed
( r ev  nun’ 1 ) Ambi ent Humi d Dr l ed E l e c t r i  sed
0 21 . 51 14 . 56 11 . 77 21 . 3 6
2500 10. 85 14 . 83 9 . 5 6 15. 46
5000 9 . 9 5 15 . 75 9 . 2 6 11. 26
1 0 0 0 0 8 . 0 5 11.91 7 . 4 7 8 . 8 8
2 0 0 0 0 8 . 5 3 8 . 7 3 6 . 71 9 . 8 0
30000 6 . 9 8 9 . 6 8 6 . 7 7 8 . 2 4
40000 5 . 5 0 7 . 5 2 6 . 2 8 6 . 60
50000 4. 91 6 . 2 1 5 . 9 0 6 . 0 3
Tabl e  4 . 4 .  Mean cross s e c t i o n a l  area  (measured i n p i x e l s )  o-f 
adher ent  p a r t i c l e s  r e mai n i ng  a f t e r  c e n t r i f u g a t i o n .
Rot or  Elcema G250 s t o r a ge  c o n d i t i o n s
speed
( r ev  a m  ) Ambi ent Humi d Dr l ed E l e c t r i  sed
0 3 1 . 9 0 3 0 . 3 2 14 . 38 63 . 5 7
2500 15. 96 2 4 . 2 0 11 . 6 9 29 . 62
5000 15. 28 2 1 . 3 6 8 . 3 5 18. 69
1 0 0 0 0 8 . 3 9 14. 53 7 . 3 3 10.31
2 0 0 0 0 9 . 0 2 8 . 8 9 4 . 2 2 12. 64
30000 6 . 81 11. 36 5 . 9 4 9 . 42
40000 4 . 99 7 . 27 6 . 19 6 . 91
50000 3 . 3 4 5 . 4 8 4 . 7 9 5 . 5 5
Tabl e  4 . 5 .
Rotor  
speed 
( r ev  rnin"
St andar d  d e v i a t i o n  
adher ent  p a r t i c l e s
El cema 
* )  Ambient
of  t he  mean cr oss  s e c t i o n a l  area  
r e mai n i ng  a f t e r  c e n t r i f u g a t i o n .
G250 s t o r age  c o n d i t i o n s
Humid Dr i ed  E l e c t r i s e d
0 148.31 208.  17 122.  17 2 9 7 . 6 4
2500 147.  15 163 . 15 122 . 24 191. 59
5000 153.51 135 . 66 90.  18 166.01
1 0 0 0 0 104 . 23 121 . 96 98.  11 116 . 04
2 0 0 0 0 105 . 76 101 . 84 6 2 . 91 129 . 03
30000 9 7 . 6 0 117.41 8 7 . 7 8 114 . 37
40000 9 0 . 7 2 9 6 . 7 4 9 8 . 6 3 104 . 74
50000 6 8 . 0 2 8 8 . 2 1 81 . 21 92 . 0 9
Tabl e  4 . 6 .  C o e f f i c i e n t  of  v a r i a t i o n  of  t he  mean cr oss  s e c t i o n a l  a rea  




( r e v  min- *)
Elcema 6250 s t o r a g e  c o n d i t i o n s  
Ambient  Humid Dr i ed  E l e c t r i s e d
0 1 1 0 . 0 0 7 8 . 6 8 8 2 . 3 3 120 . 53
2500 104 . 00 4 8 . 0 9 65 . 71 113 . 34
5000 8 7 . 0 0 4 2 . 9 9 58.  16 104 . 34
1 0 0 0 0 8 1 . 0 0 4 2 . 2 6 5 2 . 8 7 101 . 64
2 0 0 0 0 70 . 0 0 3 4 . 9 7 4 9 . 0 9 8 8 . 1 5
30000 45.  00 2 6 . 9 6 4 5 . 3 2 8 3 . 6 5
40000 50.  00 2 4 . 0 4 43. 81 7 3 . 7 6
50000 43 . 0 0 2 4 . 0 4 37 . 01 6 7 . 4 6
Tab l e  4 . 7 .  Number of a dh e r en t  p a r t i c l e s  r e mai n i ng  a f t e r  
c e n t r i f u g a t i o n .  Ad j u s t ed  f o r  d i f f e r e n c e s  in t he  cr oss  
s e c t i o n a l  area  of t he  Elcema 6250 c a r r i e r  p a r t i c l e s  usi ng  
the  ambient  c a r r i e r  p a r t i c l e  as u n i t  r e f e r e n c e .
Rotor  Elcema 6250 s t o r a g e  c o n d i t i o n s
speed
( r e v  min~M Ambi ent Humid Dr i ed E l e c t r i  sed
0 2 36 6 . 0 0 1 1 4 6 . 0 3 96 9 . 0 4 2 5 7 4 . 3 0
2500 1128. 00 7 1 3 . 2 6 6 2 8 . 4 0 1752 . 20
5000 8 6 6 . 0 0 6 7 6 . 8 3 5 3 8 . 5 2 1174 . 73
1 0 0 0 0 652 . 00 5 0 3 . 4 4 3 9 5 . 0 2 9 03 . 0 9
2 0 0 0 0 5 97 . 00 3 0 5 . 2 7 329 . 31 863 . 51
30000 3 14 . 0 0 2 6 0 . 8 3 3 0 6 . 6 5 689 . 01
40000 2 75 . 00 1 80 . 6 8 2 7 4 . 9 3 4 86 . 62
50000 2 1 1 . 0 0 1 49 . 36 2 1 8 . 2 8 4 06 . 57
Tab l e  4 . 8 .  To t a l  cross s e c t i o n a l  a rea  (measured in p i x e l s )  of  
a dher ent  o a r t i c i e s  r e ma i n i ng  a f t e r  c e n t r i f u g a t i o n .
Ad j us t ed  f o r  d i f f e r e n c e s  in t he  c ross  s e c t i o n a l  a r ea  of  
t he  Elcema 6250 c a r r i e r  p a r t i c l e s .
Rotor  Elcema 6250 s t o r a g e  c o n d i t i o n s
speed
( r e v  min- *)  Ambient  Humid Dr i ed  E l e c t r i s e d
0 100 7 1 . 5 3  7 4 . 8 5  109 . 57
2500 100 4 6 . 2 4  6 3 . 1 8  108 . 98
5000 100 49 . 4 1  6 6 . 8 5  119 . 93
10000 100 5 2 . 1 7  6 5 . 2 7  125 . 48
20000 100 4 9 . 9 6  7 0 . 1 3  125 . 93
30000 100 5 9 . 9 1  100. 71  185 . 89
40000 100 4 8 . 0 8  8 7 . 6 2  147 . 52
50000 100 5 5 . 9 1  8 6 . 0 7  156 . 88
T a b le  4 * 9 .  Number of a dh e r e n t  p a r t i c l e  r e m a n i n m g  a f t e r  
c e n t r i f u g a t i o n  vs r o t o r  speed.  Va l ues  have been 
expressed as a p e r c e n t a g e  of t he  number of ajnbient  
a dher ent  p a r t i c l e s  at  each r o t o r  speed.
232
Rotor  Elcema G250 s t o r a g e  c o n d i t i o n s
speed
( r ev  a i n " 1 ) Amb i ent Humi d Dr i ed E l e c t r  i sed
0 1 0 0 48.  44 4 0 . 9 6 108 . 80
2500 1 0 0 6 3 . 2 3 55 . 7 1 1 55 . 34
5000 1 0 0 78.  16 62.  18 135 . 65
1 0 0 0 0 1 0 0 77.  21 6 0 . 5 9 138.51
2 0 0 0 0 1 0 0 51.  13 5 5 . 1 6 144 . 64
30000 iOO 8 3 . 0 7 9 7 . 6 5 219 . 01
40000 1 0 0 6 5 . 7 0 9 9 . 9 7 176 . 95
50000 1 0 0 7 0 . 7 9 1 03 . 45 192 . 69
T a b l e  4 . 1 0 .  T o t a l  c ross  s e c t i o n a l  a r ea  o f  a d h e r e n t  p a r t i c l e s  
r e m a n m i n q  a f t e r  c e n t r i t u g a t i o n  vs r o t o r  speed.  Val ues  
have been expressed as a p e r c e n t a g e  of  t he  t o t a l  cross  
s e c t i o n a l  a r ea  of  t he  cx,mbient a dh e r en t  p a r t i c l e s  at  each 
r o t o r  speed.
1 1 .0mm
F ig u r e  4 * 1 *  D im e n s io n s  o f  tn e  b ra s s  p l a t e  u s e d  to  s u p p o r t  o r d e r e d  
u n i t s  d u r in g  c e n t r i f u g a t i o n .  T h e  p l a t e  was p r e p a r e d  
by s m e a r in g  a  t d i n  l a y e r  o f  a  r a p i d l y  s e t t i n g  e p o x y  
r e s i n  on  on  s id e ,  w a i t i n g  f o r  a  fe w  m in u te s  an d  
s p r i n k l i n g  on a  fe w  o r d e r e d  u n i t s  fro m  a  s m a l l  s p a t u la .
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TOP
P e rs p e x
C e n t r i f u g e  tu b e
B ra s s  p l a t e
O rd e re d  u n i t
P e rs p e x
BOTTOM
F ig u r e  4 . 2  S c h e m a tic  r e p r e s e n t a t i o n  o f  th e  b r a s s  p la t e  m ounted  
b e tw een  th e  p e rs p e x  h o ld e r s  and  th e  p o s i t i o n  o f  th e  
o rd e re d  u n i t s  f i x e d  t o  th e  p l a t e .
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63 H111
F ig u r e  4 . 3 . C e n t r i f u g e  tu b e  m o unted  i n  r o t o r  sh o w in g  t h e  p o s i t i o n  
o f  th e  b ra s s  p l a t e  c a r r y i n g  o r d e r e d  u n i t a
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F ig u r e  4 . 4 .  Num ber o f  a d h e r e n t  p a r t i c l e s  r e m a in in g  a f t e r
c e n t r i f u g a t i o n  a s  d e te r m in e d  u s in g  p ro c  ANALYSIS 
i n  3P R 128 v e r s io n  2 (A p p e n d ix  2 ,  A 2 . 1 3 ) .
□  Ambient, 4  H um id , O  D r ie d ,  ■  Electrised
T o t a l  c r o s s  s e c t i o n a l  a r e a  
a f t e r  c e n t r i f u g a t i o n  
(  p i x e l s  )
3 0 0 0
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F ig u r e  4 . 5 . T o t a l  c ro s s  s e c t i o n a l  a r e a ,  m easu red  i n  p i x e l s ,  
a f t e r  c e n t r i f u g a t i o n  a s  d e te rm in e d  u s in g  p ro c  
ANALYSE i n  3F R 128 v e r s io n  2 (  A p p e n d ix  2 ,  A 2 .1 3  ) .  
□  A m b ie n t, A  H u m id , O  D r ie d ,  ■  E l e c t r i s e d .
M ean c r o s s  s e c t i o n a l  a r e a  
o f  a d h e r e n t  p a r t i c l e s  
a f t e r  c e n t r i f u g a t i o n ,
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F ig u r e  4 . 6 .  M ean c r o s s  s e c t i o n a l  a r e a ,  m e a s u re d  i n  p i x e l s ,
o f  a d h e r e n t  p a r t i c l e s  r e m a in in g  a f t e r  c e n t r i f u g a t i o n .  
□  A m b ie n t, A  H u m id , O  D r ie d ,  ■  E l e c t r i s e d .
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Number of adherent partic les
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Rotor speed ( rev min* 1 )
Figure 4 . 7 . Number of adherent particles remaining after 
centrifugation, adjusted for differences in 
cross sectional area of tne carrier particle.
□ Ambient, A  Humid, O' Dried, ■ Electrised.
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T o t a l  c r o s s  s e c t i o n a l  a r e a  
a f t e r  c e n t r i f u g a t i o n ,














10000 20000 40000 5000050000
R o t o r  s p e e d  (  r e v  m in  ^ )
F ig u r e  4 . 8 *  T o t a l  c ro s s  s e c t i o n a l  a r e a ,  m e a s u re d  i n  p i x e l s ,  
a f t e r  c e n t r i f u g a t i o n ,  a d ju s t e d  f o r  d i f f e r e n c e s  
i n  c r o s s  c e c t i o n a l  a r e a  o f  th e  c a r r i e r  p a r t i c l e s .  
□  A m b ie n t, A  H u m id , O  D r i e d ,  ■  E l e c t r i s e d .
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P artic les  remaining a fte r  centrifugation,
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Figure 4 , 9 ,  Number of particles remaining after centrifugation 
verses rotor speed. Number of particles expressed 
a s  a percentage of the number of ambient particles 
remaining at that rotor speed,
□ Ambient, A Humid, O  Dried, ■ Electrised,
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Total cross sectional area a fte r  centrifugation ,
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F ig u r e  4 « 1 0 *  T o t a l  c ro s s  s e c t i o n a l  a r e a  r e m a in in g  a f t e r  c e n t r i f u g a t i o n  
v s  r o t o r  s p e e d . C ro s s  s e c t i o n a l  a r e a  e x p re s s e d  as  a  
p e r c e n ta g e  o f  th e  c r o s s  s e c t i o n a l  a r e a  o f  th e  a m b ie n t  
p a r t i c l e s  a t  t h a t  r o t o r  s p e e d .






N '  
•  •
: n h ,
F ig u r e  4 * 1 1 . M o le c u la r  s t r u c t u r e  o f  T r ia m t e r e n e ,  
e l e c t r o n s  on th e  n i t r o g e n  a to m s .
N o t e  t h e  lo n e  p a i r
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Chapter  5.
5. General  D i scuss i on .
The r e s u l t s  p r e s e n t e d  i n t h i s  t h e s i s  have shown t h a t  i t  i s  
p o s s i b l e  t o  i nduce  an e l e c t r e t  char ge  i n  c e l l u l o s e  based t a b l e t i n g  
e x c i p i e n t s  and t h a t  such an e f f e c t  can s i g n i f i c a n t l y  enhance t he  
degr ee  of  i n t e r p a r t i c l e  adhes i on  o c c u r r i n g  i n an o r d e r e d  m i x t u r e .  In  
a d d i t i o n ,  i t  has a l s o  been p o s s i b l e  t o  d e m o n s t r a t e  t h a t  image
a n a l y s i s  can be used t o  overcome some of  t h e  b a s i c  p h y s i c a l
l i m i t a t i o n s  of  o p t i c a l  mi c r o sc o p y ,  so t h a t  i t  becomes f e a s i b l e  t o  
measure t he  numbers of  a dh e r e n t  p a r t i c l e s  in i n d i v i d u a l  o r d e r e d  u n i t s  
and even c a l c u l a t e  t he  s e p a r a t i o n  f o r c e  of  i n d i v i d u a l  a dh e r en t
p a r t i c l e s .
The image a n a l y s i s  t e c h n i q u e s  deve l oped have been s i mp l e  due t o  
t he  l i m i t a t i o n s  of  t h e  equi pment  used and t he  r e q u i r e m e n t  f o r  
d e v e l o p i n g  s o f t  ware i n  6502 machine code.  As a r e s u l t ,  t h e  par  t i d e  
adhesi on  measurements t h a t  were made were a l s o  s i m p l e .  The use of  
more s o p h i s t i c a t e d  image a n a l y s i s  equi pment  woul d ,  however ,  a l l o w  
s i g n i f i c a n t  p r o g r e s s  t o  be made i n  t he  s t udy  of  p a r t i c l e  i n t e r a c t i o n s  
i n  o r d e r e d  powder m i x t u r e s .
5 .1 .  Format ion of  e l e c t r e t s .
The r e s u l t s  p r e s e n t e d  i n  Chapt er  2 have demons t r a t ed  t h a t  i t  i s  
p o s s i b l e  t o  produce t h e r m o e l e c t r e t s  us i ng  c e l l u l o s e  based t a b l e t i n g  
e x c i p i e n t s  such as A v i c e l  PH102 and Elcema G250.  The e l e c t r e t  e f f e c t  
was shown t o  be s t a b l e  over  p e r i o d s  of  up t o  two months,  a l b e i t  wi t h  
a reduced c h a r g e ,  p r o v i d e d  t h a t  t h e  e l e c t r e t s  were s t o r e d  i n  an 
e nv i r onme nt  f r e e  f rom a t mo s p h e r i c  m o i s t u r e .  When A v i c e l  PH102 or  
Elcema G250 e l e c t r e t s  were exposed t o  a t mo s p h e r i c  m o i s t u r e  i t  was 
found t h a t  t h e  e l e c t r e t  e f f e c t  d e t e r i o r a t e d  r a p i d l y  and cou l d  be l o s t  
c o m p l e t e l y  w i t h i n  two and a h a l f  hour s .
The e l e c t r e t  char ge  i n c e l l u l o s e  has been a t t r i b u t e d  t o  t he  
a l i g n m e n t  of  d i p o l e s  due t o  hydrogen bondi ng and a l s o  due t o  a space  
char ge  which i s  p o s s i b l y  l o c a t e d  a t  t he  i n t e r f a c e  between c r y s t a l l i n e  
and amorphous r e g i o n s  of  c e l l u l o s e .  These two mechanisms are  
n e c es s ar y  t o  e x p l a i n  t he  pr e se nc e  of  two peaks ,  of  o p p o s i t e  s i g n ,  
d u r i n g  TSDC. The e v i d e n c e  f o r  hydrogen bondi ng be i ng  i n v o l v e d  i n  t he  
a l i g n m e n t  of  d i p o l e s  i s  based on t h e  s i g n i f i c a n t  e f f e c t  of  t he  
a d s o r p t i o n  of  a t mo s p he r i c  m o i s t u r e  on t he  s t a b i l i t y  of  t he  e l e c t r e t
2 4 4
c h a r g e .
The magni tude  of t he  charge  s t o r e d  i n  A v i c e l  PH102 and Elcema
6250 was examined by us i ng  TSDC ( t h e r m a l l y  s t i m u l a t e d  d i s c h a r g e
c u r r e n t )  w i t h  e i t h e r  c o n t a c t i n g  e l e c t r o d e s  or a i r g a p  e l e c t r o d e s .
These two t e c h n i q u e s  produced t r a c e s  which were v e r y  s i m i l a r ,  t he
o n l y  s i g n i f i c a n t  d i f f e r e n c e  bei ng t he  appear ance  of  a t a i l i n g  peak 
when c o n t a c t  e l e c t r o d e s  were used d u r i n g  TSDC, and some m o i s t u r e  was 
p r e s e n t  i n  t h e  c e l l u l o s e .  The s i m i l a r i t y  of  t h e  a i r  gap and c o n t a c t  
e l e c t r o d e  TSDC t r a c e s  does,  however ,  p r e s e n t  some probl ems when 
i n t e r p r e t i n g  t he  d a t a .
C o n v e n t i o n a l l y ,  TSDC per f or med w i t h  both e l e c t r o d e s  i n  c o n t a c t
w i l l  not  d e t e c t  a charge  component  due t o  a space char ge  because when
t he  char ges  a r e  de t r a p pe d  t he y  can f l o w  out  of  t h e  e l e c t r e t  t hr ough  
both t he  e l e c t r o d e s  t h e r b y  p r oduc i ng  a z e r o  c u r r e n t .  To overcome  
t h i s  p r ob l em,  TSDC wi t h  c o n t a c t i n g  e l e c t r o d e s  i s  o f t e n  done w i t h  a 
v o l t a g e  a p p l i e d  acr oss  t h e  sample t o  f o r c e  f r e e  char ge  c a r r i e r s  t o  
move t hr ough o n l y  one of  t he  e l e c t r o d e s  t h e r e b y  p r oduc i ng  a
meas ur ab l e  d i s c h a r g e  c u r r e n t  ( 1 7 4 ) .  Co ns e que nt l y  t he  two peaks  
observed f o r  t he  c o n t a c t  e l e c t r o d e  TSDC shoul d not  have been 
o b se r ve d .  I n s t e a d ,  TSDC t r a c e s  s i m i l a r  t o  t hos e  o b t a i n e d  f o r
e l e c t r e t s  s t o r e d  i n ambi ent  a t mo s p he r i c  c o n d i t i o n s  w h i l s t  wrapped in  
a l umi n i um f o i l  ( F i g u r e s  2 . 3 9 ,  2 . 4 0 )  shoul d have been o b t a i n e d .
One p o s s i b l e  e x p l a n a t i o n  f o r  t he  dual  peaks observed f o r  c o n t a c t  
e l e c t r o d e  TSDC i s  t h a t  t he  e l e c t r o m e t e r  used had an o f f s e t  c u r r e n t  
( l e s s  than 5 x 1 0 ” ^  amps) .  T h i s  smal l  amount of  c u r r e n t  would have 
been s u f f i c i e n t  t o  produce an e l e c t r i c  p o t e n t i a l  a c r oss  t he  e l e c t r e t  
t he r e b y  pr oduc i ng  an e f f e c t  s i m i l a r  t o  c o n t a c t  TSDC w i t h  a 
d e l i b e r a t e l y  a p p l i e d  v o l t a g e  b i a s .  Th i s  mechanism does n o t ,  however ,  
ex p l a i n  t h e  f a c t  t h a t  t h e  d i s c h a r g e  peaks were s e n s i t i v e  t o  t he
o r i e n t a t i o n  of  t he  e l e c t r e t  i n  t h e  c e l l  ( F i g u r e s  2 . 3 7 ,  2 . 3 8 ) .  I f  t he  
o f f s e t  c u r r e n t  had been r e s p o n s i b l e  f o r  f o r c i n g  t he  d i r e c t i o n  of  
movement of  de t r a p pe d  char ge  c a r r i e r s  then t he  peak produced would 
not  be s e n s i t i v e  t o  t h e  o r i e n t a t i o n  of  t h e  e l e t r e t  but  on t he
p o l a r i t y  of  t h e  two e l e c t r o d e s .  Th i s  i s  o b v i o u s l y  not  t he  case so
t h a t  t he  above h y p o t h e s i s  can be d i s c a r d e d .
The cause of  t h e  dual  peak observed d u r i n g  c o n t a c t  e l e c t r o d e  
TSDC must t h e r e f o r e  be due t o  t he  space char ge  component  of  t he
e l e c t r e t  char ge  be i ng l o c a t e d  on one s i d e  of  t he  e l e c t r e t  o n l y .  Th i s  
would a l l o w  t he  TSDC t r a c e  t o  be s e n s i t i v e  t o  t he  o r i e n t a t i o n  of  t he
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e l e c t r e t  i n  t he  d i s c h a r g e  c e l l .  In a d d i t i o n  t o  t h e  l o c a l i s a t i o n  of  
t h e  space char ge  t o  one s u r f a c e  of  t he  e l e c t r e t ,  i t  i s  a l s o
nec e s s a r y  t o  r e a l i s e  t h a t  t he  f l o w  of  t h e  space char ge  t hr ough o n l y
one e l e c t o d e  i s  due t o  i t  be i ng  e a s i e r  t o  move i n  t h i s  d i r e c t i o n  than
i t  i s  t o  move t hr ough t he  body of  t he  e l e c t r e t  t o  t he  o t h e r
e l e c t r o d e .
Anot her  f e a t u r e  of  c o n t a c t  e l e c t r o d e  TSDC t h a t  was i n i t i a l l y  
d i f f i c u l t  t o  e x p l a i n  was t he  pr esence  of  a t a i l i n g  peak t h a t  was
dependent  on t h e  l e v e l  of  m o i s t u r e  adsorbed by t he  c e l l u l o s e .  I t  was
d i s c o v e r e d ,  however ,  t h a t  a t  e l e v a t e d  t e m p e r a t u r e s  t he  pr esence  of  
adsorbed m o i s t u r e  i n  c e l l u l o s e  coul d  q i v e  r i s e  t o  i o n i c  con d u c t i o n  
e f f e c t s  ( 1 7 4 ,  2 1 4 ) .  Th i s  phemanenon would e x p l a i n  why t h e  t a i l i n g  
peak i n c r e a s e d  i n  p r o p o r t i o n  t o  t he  amount of  a t mo s p he r i c  m o i s t u r e
adsorbed by s t o r e d  e l e c t r e t s  and why t he  unprocessed m a t e r i a l
produced such l a r g e  peaks d u r i n g  TSDC.
The e x a m i n a t i o n  of  t h e  char ge  s t o r a g e  mechanism i n c e l l u l o s e  
r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n  because t he  r e s u l t s  f rom Chapt er  2 do 
not  d e s c r i b e  t he  c h a r g i n g  and d i s c h a r g i n g  b e h a v i o u r  of  t h e  c e l l u l o s e  
e l e c r e t s  c o m p l e t e l y .  For  exampl e ,  an X - r a y  d i f f r a c t i o n  s t udy  of  
d r i e d  and e l e c t r i s e d  m a t e r i a l  may show t h a t  t h e r e  i s  a change in t he  
i n t e r n a l  s t r u c t u r e  of  t h e  c e l l u l o s e  s u b s t r a t e  as i n  t he  case of  
car nauba  wax ( 1 6 7 ) .  The a p p l i c a t i o n  of  d i f f e r e n t i a l  scanni ng
c a l o r i m e t r y  may a l s o  produce some u s e f u l  d a t a  c on c e r n i n g  charge
s t o r a g e  as i t  would be p o s s i b l e  t o  r e l a t e  t h e  e f f e c t  of  adsorbed  
wat e r  and l o s s  of  e l e c t r e t  char ge  t o  p h y s i c a l  changes i n  t h e
s t r u c t u r e  of  t he  c e l l u l o s e  mo l e c u l e  i t s e l f .
F u t u r e  work on TSDC of  c e l l u l o s e  a l most  c e r t a i n l y  r e q u i r e s  t h a t  
t he  d i s c h a r g e  c e l l  be r e d e s i g n e d  so t h a t  t h e  upper  or  both e l e c t r o d e s  
can be p l a ce d  known d i s t a n c e s  f rom t h e  s u r f a c e s  of  t he  e l e c t r e t  be i ng  
exami ned.  T h i s  would a l l o w  t h e  use of  a i r  gap TSDC which i s  f r e e  of
t he  l a r g e  t a i l i n g  peak found f o r  c o n t a c t  e l e c t r o d e  TSDC. I t  i s  a l s o
n ec es s ar y  t o  c a r r y  out  f u r t h e r  work t o  c o n f i r m  t h e  charge
c o n t r i b u t i o n  t ho u g h t  t o  be due t o  hydrogen bondi ng between mol ecu l es  
i s  a c t u a l l y  due t o  t h i s  phenomenon and not  due t o  t h e  s e p a r a t i o n  of  
char ge  acr oss  b o u nd a r i e s  between c r y s t a l l i n e  and amorphous phases of  
t he  c e l l u l o s e .  Th i s  coul d  be done by us i ng c e l l u l o s e s  where t he  
h yd r o x y l  groups have been m o d i f i e d  t o  non hydrogen bondi ng groups  
such as t h e  a c e t a t e  ( 2 2 4 ) .
Once t he  mechanism of  char ge  s t o r a g e  i n  c e l l u l o s e  i s  b e t t e r
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under s t ood  i t  would be p o s s i b l e  t o  pr ocess  c e l l u l o s e  t o  enhance t he  
e l e c t r e t  e f f e c t  t h e r e b y  f u r t h e r  i n c r e a s i n g  t he  p a r t i c l e  adhesi on  
e f f e c t s  obse r ve d .
5 . 2 .  Image a n a l y s i s .
The image a n a l y s i s  t e c h n i q u e s  deve l oped i n Chapt er  3 were  
des i gned t o  overcome some of  t he  p h y s i c a l  l i m i t a t i o n s  of  c o n v e n t i o n a l  
l i g h t  mi c r o sc o p y ,  namel y ,  t h a t  t h e  depth of  f i e l d  was i n s u f f i c i e n t  t o  
vi ew t h e  whole s u r f a c e  of  a c a r r i e r  p a r t i c l e  i n  f ocus  s i m u l t a n e o u s l y  
( Chapt e r  1, 1 . 5 ) .  I t  was d emonst r a t ed  t h a t ,  p r o v i d e d  t h e  a dh e r en t  
p a r t i c l e  can be d i s t i n g u i s h e d  f rom t h e  backgr ound,  a s e r i e s  of  
d i g i t i s e d  images t hr ough a c a r r i e r  p a r t i c l e  coul d  be used t o  g e n e r a t e  
an image i n  which a l l  t he  a dh e r e n t  p a r t i c l e s  were i n  f ocus  ( F i g u r e s
3 . 5  t o  3 . 2 B ) .  The compos i t e  image g e n e r a t e d  by COMPOS was found to
be d e f i c i e n t  i n  some a r ea s  because o c c a s i o n a l l y  some a dh e r e n t  
p a r t i c l e s  were o m i t t e d  and o t h e r s  were i n c o r r e c t l y  f oc use d .  These  
d e f i c i e n c i e s  were due,  however ,  t o  t he  l i m i t a t i o n s  of  t h e  equi pment  
used t o  per f o r m t he  image a n a l y s i s .
Al t hough i t  was p o s s i b l e  t o  s t o r e  two d i g i t i s e d  images i n  t he  
128k s i deways memory board i t  was then n ec essar y  t o  w r i t e  a l l  t he  
s o f t w a r e  which accessed t h i s  memory i n 6502 machine code.  Th i s  had 
t he  a dvant age  t h a t  image a n a l y s i s  programs coul d  be run a t  r e a s o n a b l e  
speed,  however ,  t he  devel opment  t i m e  f o r  t he  more complex progrms was 
e x t r e m e l y  l e n g t h y .  As a r e s u l t  of  t h i s ,  i d e as  which coul d  have been 
t r i e d  out  were not  c o n s i d e r e d  because i t  would have t aken  t oo long t o
w r i t e  and debug t he  programs i n v o l v e d .
T h i s  probl em can be i l l u s t r a t e d  by c o n s i d e r a t i o n  of  t h e  COMPOS 
pr ogram,  w r i t t e n  us i ng t he  6502 assembl er  of  BBC BASIC and t he  
program PROFILE,  which was w r i t t e n  i n  ' C ' .  The f or mer  program was 
devel oped over  a minimum p e r i o d  of  s i x  months and when used t o  
produce d a t a  f o r  t h i s  t h e s i s ,  was s t i l l  not  f u l l y  f u n c t i o n a l .  Th i s  
i s  d e s p i t e  t h e  i d e as  used in COMPOS bei ng ve r y  s i mp l e  i n programming  
t e r ms .  PROFILE however ,  was w r i t t e n  i n a p p r o x i m a t e l y  f o u r  days  
s t a r t i n g  w i t h  no p r i o r  knowledge of  t h e  'C'  programming l anguage .  
P r o f i l e  was w r i t t e n  t o  de mon s t r a t e  s i mp l e  image a n a l y s i s  f u n c t i o n s  
usi ng i s o m e t r i c  p r o j e c t i o n s  of  t he  b r i g h t n e s s  of  t he  d i g i t i s e d  image  
( Chapt e r  1,  S e c t i o n  1 . 6 ) .
A s e r i o u s  r e s t r i c t i o n  imposed by t he  BBC based image a n a l y s i s  
system was t h a t  i t  was not  p o s s i b l e  t o  v iew t h e  d i g i t i s e d  image in
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t h e  gr ey  s c a l e  r e s o l u t i o n  w i t h  which i t  was d i g i t i s e d  u n l es s  t h e  
d i g i t i s e d  d a t a  was t r a n s f e r r e d  t o  an e x p e r i m e n t a l  g r a p h i c s  
w o r k s t a t i o n .  The i n a b i l i t y  t o  v i ew d i g i t i s e d  images meant  t h a t  any 
s o f t w a r e  deve l oped  cou l d  not  be assessed f u l l y .  Th i s  d e f i c i e n c y  was 
one of  t h e  maj or  c o n t r i b u t o r s  t o  t he  probl ems a s s o c i a t e d  w i t h  COMPOS.
The p r o d u c t i o n  of  t h e  compos i t e  images o n l y  used p a r t  of  t he  
i n f o r m a t i o n  a v a i l a b l e  f rom t h e  d i g i t i s e d  images c o l l e c t e d  f o r  
a n a l y s i s .  As each d i g i t i s e d  image was a s s o c i a t e d  w i t h  a known l e v e l  
of f ocus  i t  would have been p o s s i b l e  t o  have produced a t h r e e  
d i me n s i o n a l  r e p r e s e n t a t i o n  of  t he  s u r f a c e  of  t he  c a r r i e r  p a r t i c l e  
showing t he  d i s t r i b u t i o n  of  t h e  a d h e r e n t  p a r t i c l e s .  Had t he  
mi cr oscope  been c o n t r o l l e d  by t he  BBC computer  i t  would have been 
p o s s i b l e ,  hav i ng  i d e n t i f i e d  t he  p o s i t i o n  of  t h e  a d h e r e n t  p a r t i c l e s ,  
t o  change t o  a h i g h e r  m a g n i f i c a t i o n  and r e a s s e s s  t he  s i z e  of  t he  
a d h e r e n t  p a r t i c l e  us i ng  t e c h n i q u e s  s i m i l a r  t o  t h a t  used t o  produce a 
compos i t e  image.  Th i s  t y p e  of  a n a l y s i s  would have a l l o we d  t he  
o r i e n t a t i o n  of  t he  a d h e r e n t  p a r t i c l e  t o  be measured and c o n s e q u e n t l y  
a b e t t e r  t h r e e  d i me n s i o n a l  r e c o n s t r u c t i o n  of  t he  c a r r i e r  p a r t i c l e  and 
a d h e r e n t  p a r t i c l e s .
5.3.  Measurement of p a r t ic le  adhesion.
The r e s u l t s  o b t a i n e d  in Chapt er  4 d emonst r a t ed  t h a t  i t  ws 
p o s s i b l e  t o  use t he  compos i t e  images produced us i ng  t he  image  
a n a l y s i s  t e c h n i q u e s  d e s c r i b e d  i n  Chapt er  3 t o  a c c u r a t e l y  measure  
p a r t i c l e  adhesi on i n s i n g l e  o r d e r e d  u n i t s  us i ng  i n d i v i d u a l  a dh e r e n t  
p a r t i c l e s .
The use of  c e n t r i f u g a t i o n  t o  p r o v i d e  a s e p a r a t i n g  f o r c e  has been 
used by a number of  a u t h o r s  ( 7 3 ,  7 4 ,  8 1 ,  9 7 - 9 9 ,  1 0 1 - 1 0 3 )  as a means
of removi ng p a r t i c l e s  f rom p l a n e  or n e a r l y  p l a n e  s u r f a c e s .  The
a b i l i t y  t o  use t he  same t e c h n i q u e  w i t h  s i n g l e  o r d e r e d  u n i t s  and t o  be
a b l e  t o  measure t he  s i z e  of  t he  a d h e r e n t  c a r r i e r  p a r t i c l e s  means t h a t  
i t  i s  now p o s s i b l e  t o  c a r r y  out  f undament a l  adhes i on  s t u d i e s  f o r  
p h a r m a c e u t i c a l  powder m i x t u r e s .  The f e a s i b i l i t y  of  t h i s  p o s s i b i l i t y  
was demonst r a t ed  by measur i ng t h e  adhes i on f o r c e  p r o f i l e  of  an Elcema  
G 2 5 0 / t r i a m t e r e n e  powder m i x t u r e  where t he  Elcema G250 had been
pr ocessed i n f o u r  d i f f e r e n t  ways.
The adhes i on f o r c e  p r o f i l e s  g e n e r a t e d  showed t h a t  e l e c t r i s i n g  
Elcema G250 i n c r e a s e d  t he  i n t e r p a r t i c l e  a dhes i on  f o r c e s  by a 
s i g n i f i c a n t  amount whereas exposi ng  t he  Elcema G250 t o  humid
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a t mo s p he r i c  c o n d i t i o n s  p r i o r  t o  mi x i ng reduced t h e  p a r t i c l e  adhesi on  
measured.  Th i s  l a t t e r  r e s u l t  was c o n t r a r y  t o  t h a t  e xpec t ed  but  was 
s a t i s f  a c t o r i 1 y e x p l a i n e d  by c o n s i d e r a t o n  of  t h e  m o l e c u l a r  s t r u c t u r e  
of t he  t r i a m t e r e n e  mo l e c u l e .
A f u r t h e r  anomaly was noted when t he  r a t e  a t  which p a r t i c l e s  
were l o s t  was c o n s i d e r e d  ( F i g u r e s  4 . 9 ,  4 . 1 0 ) .  I t  was t hought  t h a t  as 
t he  e l e c t r e t  char ge  was d e s t r o y e d  by exposur e  t o  a t mospher i c  
m o i s t u r e ,  a d h e r e n t  p a r t i c l e s  would be l o s t  more r a p i d l y  f rom t he  
e l e c t r i s e d  Elcema G250 than f rom t he  Elcema G250 p r e pa r e d  by exposure  
t o  ambi ent  a t mo s p he r i c  c o n d i t i o n s .  In t he  e v e n t ,  t h i s  proved not  t o  
be t he  case as t he  a d h e r e n t  p a r t i c l e s  on t h e  e l e c t r i s e d  and d r i e d  
Elceam G250 became more d i f f i c u l t  t o  d i s l o d g e  as a t mo s p he r i c  m o i s t u r e  
was adsor bed .  Th i s  e f f e c t  was f i n a l l y  a t t r i b u t e d  t o  t h e  f a c t  t h a t  
wa t e r  a c t s  as a p l a s t i s i c e r  f o r  c e l l u l o s e  ( 218)  and t h a t  i t s  
a d s o r p t i o n  by d r i e d  c e l l u l o s e  caused t he  c e l l u l o s e  t o  s o f t e n  and 
become more p l a s t i c  ( f rom t he  s u r f a c e  i nwar ds )  t h e r e b y  a l l o w i n g  
g r e a t e r  p l a s t i c  d e f o r m a t i o n  a t  t h e  p o i n t  of  c o n t a c t  between a dh e r en t  
p a r t i c l e  and t he  c a r r i e r  s u r f a c e .  The pr esence  of  t h e  e l e c t r e t  
charge  was found t o  i n c e a s e  t h i s  e f f e c t  as t h e  char ge  would not  be 
i n s t a n t l y  d e s t r o y e d  as m o i s t u r e  was adsor bed.
Th i s  o b s e r v a t i o n  has s i g n i f i c a n t  i m p l i c a t i o n s  as i t  means t h a t  
e l e c t r i s e d  powder m i x t u r e s  ( a t  l e a s t  t hose  based on Elcema G250) w i l l  
tend t o  become more s t a b l e  when exposed t o  ambi ent  a t mos phe r i c  
c o n d i t i o n s  r a t h e r  than l e s s  s t a b l e  as o r i g i n a l l y  t h o u g h t .  Th i s  
i m p l i e s  t h a t  such m i x t u r e s  may be r e s i s t a n t  t o  component  p a r t i c l e  
s e g r e g a t i o n  caused by t he  a d d i t i o n  of  l u b r i c a n t s  or  o t h e r  e x c i p i e n t s ,  
p r o v i d e d  t h a t  s u f f i c i e n t  t i me  was a l l o w e d  f o r  e q u i l i b r a t i o n  wi t h  
a t mo s p he r i c  m o i s t u r e .
The g e n e r a l  q u a l i t y  of  t he  p a r t i c l e  adhes i on d a t a  was good,  
p a r t i c u l a r l y  as t he  d a t a  i s  i m p o s s i b l e  or ve r y  d i f f i c u l t  t o  o b t a i n  in  
any o t h e r  way and when t he  probl ems a s s o c i a t e d  w i t h  t h e  method are  
c o n s i d e r e d .  However ,  i t  shoul d  be noted t h a t  no account  was t aken  of  
t he  c u r v a t u r e  of  t he  s u r f a c e  of  t he  Elcema 6250 c a r r i e r  p a r t i c l e  and 
t h a t  t he  r e s u l t s  o b t a i n e d  w i l l  t h e r e f o r e  c o n t a i n  some e r r o r  due t o  
t h i s .
The p a r t i c l e  adhes i on  measurements made f o r  t he  Elcema  
G 2 5 0 / t r i a m t e r e n e  m i x t u r e s  cou l d  a l s o  be used t o  assess  t h e  e f f e c t  of  
addi ng a t e r n a r y  component ,  such as a l u b r i c a n t ,  t o  a powder m i x t u r e .  
Used in t h i s  way t he  methods d e s c r i b e d  above would p r o v i d e  a way of
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a ss es s i ng  t h e  impact  of  addi ng a l u b r i c a n t  t o  an o t h e r w i s e  s t a b l e  
m i x t u r e ,  a pr ocess  which c u r r e n t l y  i n v o l v e s  cumbersome a n a l y s i s  of  
bul k  powder sampl es.  Such a p p l i c a t i o n s  would r e q u i r e  a s i g n i f i c a n t  
i n c r e a s e  in p r o c e s s i n g  power ,  image r e s o l u t i o n ,  a u t o ma t i o n  and 
d i s p l a y  f a c i l i t i e s  of  t he  image a n a l y s i s  sytem,  t o  be used as a 
r o u t i n e  t o o l  f o r  t he  e x a m i n a t i o n  of  powder sampl es.
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6. Conc l us i ons .
T h e r m o e l e c t r e t s  can be manuf ac t ur ed  us i ng  c e l l u l o s e  based 
t a b l e t i n g  e x c i p i e n t s  such as A v i c e l  PH102 and Elcema G25Q. The
e l e c t r e t  char ge  measured i n  Elcema G250 i s  s t a b l e  over  a p e r i o d  of
s e v e r a l  months p r o v i d e d  t h a t  t h e  a d s o r p t i o n  of  m o i s t u r e  i s  p r e v e n t e d .  
The a d s o r p t i o n  of  a t mo s h pe r i c  m o i s t u r e  d e s t r o y s  t he  e l e c t r e t  e f f e c t  
w i t h i n  s e v e r a l  hours of  exposur e .
The char ge  s t o r a g e  mechanism i n  c e l l u l o s e  t h e r m o e l e c t r e t s  i s
t ho u g h t  t o  be a s s o c i a t e d  w i t h  a space charge  component  t r ap p e d  a t  t he  
j u n c t i o n  between t h e  c r y s t a l l i n e  c e l l u l o s e / a m o r p h o u s  c e l l u l o s e
b o u n d a r i e s  of  long m i c e l l e  l i k e  s t r u c t u r e s ,  and a l i g n e d  d i p o l e s  due
t o t he  p r esence  of  i n t e r  m o l e c u l a r  hydrogen bondi ng .  The t a i l i n g
peak obser ved d u r i n g  TSDC us i ng  c o n t a c t  e l e c t r o d e s  has been
a t t r i b u t e d  t o  i o n i c  con d u c t i o n  i n  c e l l u l o s e  a t  e l e v a t e d  t e m p e r a t u r e .
F u r t h e r  i n v e s t i g a t i o n  of  t he  char ge  s t o r a g e  mechanism in
c e l l u l o s e  i s  r e q u i r e d .  Th i s  shoul d be per f or med usi ng t e c h n i q u e s
such as d i f f e r e n t i a l  scanni ng c a l o r i m e t r y  so t h a t  changes in t he  
p h s i c a l  s t r u c t u r e  of  t he  c e l l u l o s e  mo l ecu l e  can be r e l a t e d  t o  t he  
l o s s  of  t h e  e l e c t r e t  c har ge .
The image a n a l y s i s  t e c h n i q u e s  deve l oped  i n Chapt er  3 were a b l e  
t o  produce images where t he  a d h e r e n t  p a r t i c l e s  were a l l  i n  f ocus  
t h e r e b y  overcomi ng t h e  depth of  f i e l d  l i m i t a t i o n  of  c o n v e n t i o n a l  
l i g h t  mi c r oscopy .  The image a n a l y s i s  equi pment  was t ho u g h t  t o  be t he  
minimum t h a t  coul d  be e a s i l y  used.
A l i m i t a t i o n  of  t he  image a n a l y s e r  t h a t  was b u i l t  was i t s  
i n a b i l i t y  t o  v i ew d i g i t i s e d  images w i t h  t he  g r ey  l e v e l  r e s o l u t i o n  
w i t h  which t he y  were d i g i t i s e d .  Th i s  was a s i g n i f i c a n t  probl em when 
d e v e l o p i n g  t h e  image a n a l y s i s  s o f t w a r e  t h a t  was used.  The a c t u a l  
deve l opment  of  t he  image a n a l y s i s  s o f t w a r e  was a l s o  a probl em because  
of t h e  n e c e s s i t y  f o r  w r i t i n g  programs i n machine code t o  o b t a i n  
adequat e  p r o c e s s i n g  speed.  However ,  t h e r e  i s  no reason why t h e  image 
a n a l y s i s  t e c h n i q u e s  used in t h i s  t h e s i s  coul d  not  be impl emented on 
o t h e r ,  more s o p h i s t i c t e d  image a n a l y s e r s .
The image a n a l y s i s  methods deve l oped  i n  Chapt er  3 a l l owe d  
adhesi on  f o r c e  p r o f i l e s  of  t h e  a d h e r e n t  p a r t i c l e  i n  b i n a r y  or der ed  
powder m i x t u r e s  based on Elcema G250 and t r i a m t e r e n e  t o  be g e n e r a t e d  
w i t h  r e l a t i v e  ease .  The p a r t i c l e  adhes i on d a t a  o b t a i n e d  showed t h a t
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e l e c t r i s i n g  Elcema G250 s i g n i f i c a n t l y  i n c r e a s e d  t he  degree  of  
i n t e r p a r t i c 1e adhesi on as p r e d i c t e d .  The degr ee  of  i n t e r p a r t i c l e  
adhesi on between t r i a m t e r e n e  and c e l l u l o s e  in t he  presence  of  hi gh  
l e v e l s  of  adsorbed m o i s t u r e  was s i g n i f i c a n t l y  r e duc ed .  Th i s  was 
a t t r i b u t e d  t o  t he  i n a b i l i t y  of  t r i a m t e r e n e  t o  promote hydrogen  
bondi  n g .
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Appendix 1.
A l .  E l e c t r e t s
Al t hough d e s c r i p t i o n s  of  e l e c t r e t  f o r m a t i o n  and charge  
measurement  a r e  a v a i l a b l e  i n  t he  l i t e r a t u r e  ( 1 3 5 - 1 3 7 ,  1 7 4 ) ,  i t  i s
t hought  t h a t  a background t o  t he  t h e o r e t i c a l  c o n s i d e r a t i o n s  i n v o l v e d  
in t h i s  work i s  u s e f u l .  For t h i s  r e a s o n ,  t h i s  appendi x  has been 
i n c l u d e d  as a means of  i n t r o d u c i n g  t he  f undament a l  e l e c t r o s t a t i c  and 
quantum mechani ca l  a s p ec t s  of  m a t e r i a l s  t h a t  a r e  i n v o l v e d  i n  t he  
f o r m a t i o n  of  an e l e c t r e t .
The d i s c u s s i o n  bel ow does not  a t t e m p t  t o  p r e s e n t  a compr ehensi ve  
t r e a t m e n t  of  t he  t h e o r y  of  e l e c t r e t s .  I n s t e a d ,  i n f o r m a t i o n  r e a d i l y  
a v a i l a b l e  in t e x t b o o k s  ( 75 ,  76 ,  8 0 ) ,  has been assembled i n  a manner  
which emphasi ses t hose  a s p ec t s  of  c l a s s i c a l  e l e c t r o s t a t i c  and quantum 
mechani cs r e l e v a n t  t o  t he  f o r m a t i o n  of  e l e c t r e t s  and t he  measurement  
of  t he  char ge  s t o r e d  i n them.
A l . l .  D e f i n i t i o n  of  an e l e c t r e t .
The o r i g i n a l  d e f i n i t i o n  of  an e l e c t r e t  was made by H e a v i s i d e  
( 1 3 1 ,  132)  d u r i n g  a d i s c u s s i o n  on t he  b e h a v i ou r  of  a d i e l e c t r i c  
m a t e r i a l  in an e l e c t r i c  f i e l d .  H e a v i s i d e  s t a t e d  t h a t  a d i e l e c t r i c  or  
i n s u l a t o r  which e x h i b i t e d  a r e s i d u a l  e l e c t r i c  f i e l d  a f t e r  be i ng
exposed t o  an e x t e r n a l  e l e c t r i c  f i e l d  coul d  be r e g ar d e d  as bei ng  
' p e r m a n e n t l y '  e l e c t r i s e d .  In t h i s  s t a t e  t he  d i e l e c t r i c  or i n s u l a t o r  
coul d  be c o n s i d e r e d  as t he  e l e c t r i c a l  e q u i v a l e n t  of  a permanent
magnet and coul d  t h e r e f o r e  be c a l l e d  an e l e c t r e t .
A more p r a c t i c a l  d e f i n i t i o n  of  an e l e c t r e t  ( 159)  i s  any
d i e l e c t r i c  which r e t a i n s  a r e s i d u a l  e l e c t r o s t a t i c  char ge  f o r  a t i me  
p e r i o d  s e v e r a l  o r d e r s  of  magni tude  l a r g e r  t han t h a t  which was 
o r i g i n a l l y  used t o  i nduce  t he  c h a r g e .  Using t h i s  d e f i n i t i o n ,  a
d i e l e c t r i c  which was exposed t o  an e l e c t r i c  f i e l d  f o r  one second and 
which s t i l l  e x h i b i t e d  a r e s i d u a l  e l e c t r i c  f i e l d  100 seconds a f t e r  t he  
e l e c t r i c  f i e l d  had been removed coul d  be c o n s i d e r e d  t o  be an
e l e c t r e t .
I t  shoul d be s t r e s s e d  t h a t  t h i s  d e f i n i t i o n  of  an e l e c t r e t
r e q u i r e s  t h a t  t he  exposur e  of  t he  d i e l e c t r i c  t o  an e l e c t r i c  f i e l d  i s  
done in a way t h a t  p r e v e n t s  t he  t r a n s f e r  of  char ge  f rom or t o  t he  
body of  t he  d i e l e c t r i c .  The e l e c t r i e  f i e l d  t hus  g e n e r a t e d  i s  due 
s o l e l y  to t h e  e l e c t r o n i c  response  of  t he  d i e l e c t r i c  and not  t he
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t r a n s f e r  of  charge  t o  or f rom i t .
A1.2.  C o n t r i b u t a r y  f a c t o r s  t o  e l e c t r e t  f o r m a t i o n .
The mechanisms by which an e l e c t r i e  char ge  may be s t o r e d  in a 
d i e l e c t r i c  f o r  long p e r i o d s  of  t i me  a r e  t h e  r e s u l t  of  a number of  
complex i n t e r a c t i o n s .  However ,  i n  t he  i mmedi a t e  c a s e ,  i t  i s  o n l y  
nec es s ar y  t o  c o n s i d e r  t he  main mechanisms of  e l e c t r e t  f o r m a t i o n ,  t h e
a l i g n m e n t  of  permanent  d i p o l e s  found w i t h i n  t he  d i e l e c t r i c ,
s e p a r a t i o n  of  charge  and t he  i n d u c t i o n  of  space charge  due t o  t h e  
pr esence  of  h o l e s  or excess e l e c t r o n s .
D i p o l a r  charge s t o r a g e  occurs  in m a t e r i a l s  which have permanent  
d i p o l e  moments,  eq long cha i n  c a r b o x y l i c  a c i d s ,  which can be f o r c e d  
i n t o  a l i g n m e n t  by an e x t e r n a l  e l e c t r i c  f i e l d .  E l e c t r e t s  formed f rom 
d i e l e c t r i c s  w i t h  permanent  d i p o l e s  e x h i b i t  o p p o s i t e  char ges  on 
o p p o s i t e  f a c e s  and a r e  t h e r e f o r e  r e f e r r e d  t o  as d i p o l a r  e l e c t r e t s .  
The same e f f e c t  can be a ch i e ve d  where char ge  can be s e p a r a t e d  a c r oss  
a p h y s i c a l  boundary w i t h i n  t he  body of  t he  d i e l e c t r i c ,  f o r  example a t
t he  j u n c t i o n  of  c r y s t a l l i n e  and amorphous r e g i o n s .  The i n d u c t i o n  of
a space charge  w i t h i n  a d i e l e c t r i c  i s  dependent  on t he  p r esence  of  
s i t e s  w i t h i n  t he  d i e l e c t r i c  where i t  i s  p o s s i b l e  f o r  an e l e c t r o n  t o  
be i n j e c t e d  i n t o  or removed f rom a s h a l l o w  ener gy  w e l l .  E l e c t r e t s  
formed f rom m a t e r i a l  where e l e c t r o n s  have been removed or t r a p p e d  
g e n e r a l l y  show on l y  one e l e c t r o s t a t i c  char ge  on both s i d e s  of  t he  
d i e l e c t r i c  and a r e  t h e r e f o r e  r e f e r r e d  t o  as monopol ar  e l e c t r e t s .
The f o r m a t i o n  of  d i p o l a r  e l e c t r e t s  can be e x p l a i n e d  us i ng  
c l a s s i c a l  e l e c t r o s t a t i c  t h e o r y  ( 7 5 ,  80)  whereas monopol ar  e l e c t r e t s  
r e q u i r e  t he  a p p l i c a t i o n  of  quantum mechani cs ( 7 6 ,  80)  t o  t h e
e l e c t r o n i c  n a t u r e  of m a t e r i a l s  f o r  t h e i r  e x p l a n a t i o n .
A1.3.  C l a s s i c a l  e l e c t r o s t a t i c  t he o r y .
The aim of t h i s  s e c t i o n  i s  t o  i n t r o d u c e  t he  f undament a l  concept s  
of c l a s s i c a l  e l e c t r o s t a t i c s  and has been i n c l u d e d  f o r  two r e as o ns .  An 
a p p r e c i a t i o n  of  e l e c t r o s t a t i c  char ge  and t h e  b e h a v i o u r  of  bod i es  w i t h  
such char ges  w i l l  show how e l e c t r o s t a t i c  charge  can be used t o  
i n c r e a s e  p a r t i c l e  i n t e r a c t i o n  i n  o r der ed  m i x t u r e s .  In a d d i t i o n ,  an 
a p p r e c i a t i o n  of  how e l e c t r o s t a t i c  char ge  can be i nduced i n  a 
d i e l e c t r i c  and how d i p o l a r  mo l e cu l e s  behave when exposed t o  an 
e x t e r n a l  e l e c t r i c  f i e l d  and t e m p e r a t u r e  w i l l  show how i t  i s  p o s s i b l e  
t o  form d i p o l a r  t h e r m o e l e c t r e t s .  The m o l e c u l a r  b a s i s  f o r  t h i s
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e x p l a n a t i o n  w i l l  a l s o  show t h a t  t h e r m o e l e c t r e t s  a r e  an i n e v i t a b l e  
consequence of t he  p r o p e r t i e s  of  t he  molecules t he ms e l v e s  and not  a 
s p e c i a l  case .
A l . 3 . 1 .  P o s i t i v e  and nega t i ve  charges.
For t he  purposes of c l a s s i c a l  e l e c t r o s t a t i c  t h e o r y  i t  i s  on l y  
n ec es s ar y  t o  c o n s i d e r  atoms as c o n s i s t i n g  of  p r o t o n s ,  e l e c t r o n s  and 
n e u t r o n s .  E l e c t r o s t a t i c  c har ge  ( n e g a t i v e  or  p o s i t i v e )  i s  on l y  
c a r r i e d  by t he  e l e c t r o n  and t he  p r o t o n  r e p e c t i v e l y .  The neu t r o n  does 
not  c a r r y  a measur ab l e  e l e c t r i c  c ha r ge .
The e l e c t r i c  char ge  of  an e l e c t r o n  has been measured and found  
t o  be - 1 . 6 0 2 x 1 0 ” ^  Coulomb ( q ) .  The e l e c t r i c  char ge  on t he  pr o t on  
has t h e  same magni tude  as t h a t  of  t he  e l e c t r o n  but  i s  o p p o s i t e  in 
s i gn ( + 1 . 6 0 2 x 1 0 “ *^ q ) .  Atoms c o n s i s t  of a n u c l e u s ,  made up of  
p r o t o n s  and n e u t r o n s ,  which i s  sur rounded by e l e c t r o n s .  Atoms which 
a r e  not  i o n i s e d  and a r e  i s o l a t e d  have an equal  number of  p r o t o n s  and 
e l e c t r o n s  and a r e  t h e r e f o r e  e l e c t r i c a l l y  n e u t r a l .  An atom r e t a i n s  
i t s  e l e c t r o n s  by v i r t u e  of t he  e l e c t r o s t a t i c  a t t r a c t i o n  between t he  
e l e c t r i c  char ge  on t he  p r o t o n s  and e l e c t r o n s  a l t h o u g h  i t  shoul d be 
noted t h a t  s e v e r a l  o t h e r  f o r c e s  a r e  a l s o  p r e s e n t  t h a t  a r e  much weaker  
than t he  e l e c t r o s t a t i c  f o r c e  and whose o r i g i n  and e f f e c t  a r e  o u t s i d e  
t he  scope of  t h i s  d i s c u s s i o n .
A l . 3 . 2 .  L i nes  of  f o r c e .
The main e f f e c t  of  t he  p r o t o n  and e l e c t r o n  hav i ng an e l e c t r i c  
charge  i s  t h a t  t hey  can e x e r t  a f o r c e  on o t h e r  p r o t o n s  and e l e c t r o n s  
w i t h o u t  t he  need f o r  p h y s i c a l  c o n t a c t .  E l e c t r i c  char ge  behaves in an 
ana l agous  manner t o  magnet i c  p o l e s  where o p p o s i t e  f i e l d s  a t t r a c t  and 
l i k e  f i e l d s  r e p e l .  Thus e l e c t r o n s  and p r o t o n s  a r e  a t t r a c t e d  t o  each 
o t h e r  w h i l s t  t he  conver se  i s  t r u e  f o r  e l e c t r o n - e l e c t r o n  and 
p r o t o n - p r o t o n  i n t e r a c t i o n s .
I f  a p o i n t  charge  of  magni tude  +q i s  formed by removi ng a charge  
of -q f rom a n e u t r a l  body and moving i t  t o  i n f i n i t y ,  an a t t r a c t i v e  
f o r c e  between t he  two char ges  w i l l  be c r e a t e d .  Th i s  f o r c e  can be 
v i s u a l i s e d  by i ma g i n i n g  l i n e s  which o r i g i n a t e  on t h e  p o s i t i v e  charge  
and t e r m i n a t e  on t he  n e g a t i v e  char ge  ( F i g u r e  A i . l ) .  These l i n e s  are  
r e f e r r e d  t o  as l i n e s  of  f o r c e  ( or  f l u x ) .
The f o r c e s  a c t i n g  i n  t he  r e g i o n  of  +q can be examined by p l a c i n g  
a t e s t  char ge  + q j near  +q and o b s e r v i n g  i t s  subsequent  mot i on .  No
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( nat ter  where + q  ^ i s  p l aced  i t  w i l l  be s u b j e c t e d  t o  a r e p u l s i o n  a c t i n g  
a l ong t he  l i n e  of f o r c e  c o n n e c t i n g  t he  two char ges  ( F i g u r e  A i . 2 ) .  
Thi s  e f f e c t  i s  t aken  t o  mean t h a t  t he  char ge  -q a t  i n f i n i t y  can be 
c o n s i d e r e d  as be i ng  d i s t r i b u t e d  over  a sphere  of  i n f i n i t e  r a d i u s  
r a t h e r  than be i ng  l o c a t e d  at  a s i n g l e  p o i n t .
R e p l a c i n g  t he  charge  +q w i t h  a charge  of  - q  w i l l  change t he  
d i r e c t i o n  of  t he  f o r c e  l i n e s  a c t i n g  on +q^ so t h a t  t he y  a r e  d i r e c t e d  
r a d i a l l y  i nwar ds  r a t h e r  than outwar ds  i n d i c a t i n g  t h a t  t h e r e  i s  a 
f o r c e  of  a t t r a c t i o n  between -q and + q j .
A l . 3 . 3 .  Coulombs's law.
Coul omb's  Law s t a t e s  t h a t  i f  a charge  q^ i s  l o c a t e d  a t  a 
d i s t a n c e  r f rom a p o i n t  charge  +q,  then t he  magni t ude  of  t he  f o r c e ,  
F,  a c t i n g  a l ong t he  l i n e  of  f o r c e  j o i n i n g  t he  c e n t r e s  of  t he  charges  
i s  g i v en  by e q u a t i o n  A l . l ,
F = q q ! ( A l . l )
4 * £0 £r r 2
where r = D i s t a n c e  between t he  two char ges  (m) .
eq = P e r m i t t i v i t y  of  f r e e  space ( vacuum) .
= 8 . 8 5  x 1 0 " * 2  f a r a d  m“ * (Fm“ * ) .
£r = R e l a t i v e  p e r m i t t i v i t y  or d i e l e c t r i c  c o n s t a n t  of  t he  
medium in which t h e  e l e c t r i c  char ges  a r e  l o c a t e d .
= 1 f o r  vacuum, 3 . 8  f o r  c e l l u l o s e  a c e t a t e  ( 8 0 ) ,  no 
uni  t s .
t = £ ye f  = P e r m i t t i v i t y .
NB. The p r oduc t  £n£r * 5 convent i o n a l 1y used r a t h e r  than a b s o l u t e  
p e r m i t t i v i t y  as t he  r e l a t i v e  p e r m i t t i v i t y  of  a medium t o f r e e  space  
i s  r e l a t i v e l y  easy t o  measure.  The term £q i s  t h e r e f o r e  used as a 
p r o p o r t i o n a l i t y  c o n s t a n t .  The f o r c e  , in Newtons ( N ) , i s  d i r e c t e d  
towards  +q i f  t he  two char ges  a r e  of  o p p o s i t e  s i gn  and away f rom +q 
i f  t he  char ges  a r e  of  s i m i l a r  s i g n .
A l . 3 . 4 .  E l e c t r i c  f i e l d  and p o t e n t i a l .
The f o r c e  e x e r t e d  by one char ge  on a n o t h e r  i s  r e p e s e n t e d  by an 
e l e c t r i c  f i e l d  which i s  d e f i n e d  as t h e  f o r c e  a c t i n g  on a u n i t  
p o s i t i v e  char ge  l o c a t e d  a t  t h e  p o i n t  which i s  be i ng  c o n s i d e r e d .  From 
e q u a t i o n  A l . l  ( s u b s t i t u t i n g  1 f o r  + q p  t he  e l e c t r i c  f i e l d ,  £ ( r )  Vm- 1 , 
at  a d i s t a n c e  r f rom t he  char ge  q i s  g i ven  by e q u a t i o n  A 1 . 2 ,
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H r )  = q ( A1 . 2 )
4 * e r 2
I f  t he  p o i n t  charge  +q ( F i g u r e  A 1 . 2 )  i s  a t  t he  c e n t r e  of  an 
i m a g i n a r y  spher e  then e q u a t i o n  A1 . 2  w i l l  g i v e  t h e  magni tude  of  t he  
e l e c t r i c  f i e l d  a t  a l l  p o i n t s  on t he  s u r f a c e  of  t h a t  s ph e r e .  Th i s
_ O
e n a b l e s  t h e  d e n s i t y  of  t he  l i n e s  of  f o r c e  or d i s p l a c e m e n t ,  D ( r )  qm , 
at  t h e  s u r f a c e  of  t h i s  i m a g i n a r y  spher e  t o  be c a l c u l a t e d  usi ng  
e q u a t i o n  A 1 . 3 ,
D ( r )  = q ( A i . 3 )
4jrr'-
The r e l a t i o n s h i p  between t he  e l e c t r i c  f i e l d  and t he  d i s p l a c e m e n t  can 
be seen t o  be,
D ( r ) = 11  ( r ) ( A1 . 4 )
The e f f e c t  of  e q u a t i o n  A1 . 4  i s  t o  show t h a t  d i s p l a c e m e n t  i s  
d i r e c t l y  p r o p o r t i o n a l  t o  t he  e l e c t r i c  f i e l d  i n t e n s i t y  and t h a t  
changi ng t he  p e r m i t t i v i t y  of  t h e  medium t hr ough which l i n e s  of  f o r c e  
pass e f f e c t i v e l y  changes t he  d e n s i t y  of  t hose  l i n e s  of  f o r c e .  
A l t e r n a t i v e l y ,  f o r  a g i v en  d e n s i t y  of  l i n e s  of  f o r c e ,  t he  f o r c e  
e x e r t e d  on a u n i t  char ge  i s  p r o p o r t i o n a l  t o  t he  p e r m i t t i v i t y  of  t he  
medium in which t he  u n i t  char ge  i s  p l a c e d .
R e f e r r i n g  t o  e q u a t i o n  A l . l  i t  can be seen t h a t  i f  a t e s t  charge  
+q^ a t  d i s t a n c e  , r ,  f rom a p o i n t  char ge  +q,  i s  moved a d i s t a n c e  £ r ,
then work,  W, must have been done on or by +q^,  by v i r t u e  of  t he
f o r c e  e x i s t i n g  between t he  two c h a r g e s ,
M = F . S r  = qqj  . (A 1 . 5 )  
4 K i r 2
Any char ge  i n  an e l e c t r i c  f i e l d  must t h e r e f o r e  possess energy  
and c o n s e q u e n t l y  have t he  p o t e n t i a l  t o  do work.  The p o t e n t i a l  f o r
wor k ,  V ( r )  V o l t s ,  a t  a d i s t a n c e ,  r ,  can t h e r e f o r e  be d e f i n e d  as t he
work done i n b r i n g i n g  a u n i t  p o s i t i v e  char ge  f rom i n f i n i t y  t o  a 
d i s t a n c e  r f rom t he  char ge  +q.
V ( r )  = - j ‘r q $r  = q (A 1 . 6 )
J oc 4 * t r 2 4* - t r
V i r )  i s  a measure of t h e  p o t e n t i a l  e n e r g y ,  U, of  t he  u n i t  charge  
in t he  f i e l d  of  +q.  The p o t e n t i a l  , U ( r )  J ou l e s  ( J ) ,  of  a charge  of  
+qj  a t  a d i s t a n c e  r f rom +q can be c a l c u l a t e d  us i ng e q u a t i o n  A1 . 7 .
U ( r ) = q 1 V ( r ) = - q q 1 ( A1 . 7 )
4Y T F
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I f  e q u a t i o n s  AI - 2 and A1 . 6  a r e  combined 
t  ( r ) = -  £ V ( r ) (A1. 8 >
£r
Eq u a t i o n  A i . S  i s  a s t a t e m e n t  of  t he  f a c t  t h a t  t he  magni tude of
t he  e l e c t r i c  f i e l d  due t o  charge  +q a t  any p o i n t  i s  equal  t o  t he  r a t e
of change of  p o t e n t i a l  ( v o l t a g e  g r a d i e n t )  a t  t h a t  p o i n t .
A l . 3 . 5 .  Boundar i es between d i e l e c t r i c s .
Thus f a r  o n l y  e l e c t r i c  f i e l d s  i n  a s i n g l e  medium have been
c o n s i d e r e d .  E l e c t r i c  f i e l d s ,  however ,  may o f t e n  pass t hr ough more 
than one medium. The r e s u l t  of  ' s u c h  a t r a n s i t i o n  does have
i m p l i c a t i o n s  when a t t e m p t i n g  t o  i n c r e a s e  t he  degr ee  of  p a r t i c l e
i n t e r a c t i o n  due t o  t he  pr esence  of  an e l e c t r o s t a t i c  f o r c e .  Maxwel l  
deve l oped  a number of  e q u a t i o n s  which a r e  p a r t i c u l a r l y  r e l e v a n t  when
d e a l i n g  w i t h  e l e c t r i c  f i e l d s  a t  t he  i n t e r f a c e  between two
d i e l e c t r i c s .  W h i l s t  t he  pr oof  of  t he  e q u a t i o n s  g i v en  bel ow i s  beyond 
t he  scope of  t h i s  d i s c u s s i o n  t he y  can be shown t o  be r e a s o n a b l e
s t a t e m e n t s  on t he  b a s i s  of  t he  i d e a s  a l r e a d y  d i s c u s s e d .
When l i n e s  of  f o r c e  c r oss  t he  boundary between two d i f f e r e n t  
d i e l e c t r i c s  ( F i g u r e  A 1 . 4 )  two s t a t e m e n t s  can be made.
1. The change i n t he  d e n s i t y  of  l i n e s  of  f o r c e ,  D, normal  t o  t he  
i n t e r f a c e  of  a r e a ,  A, between two d i e l e c t r i c s  i s  equal  t o  t he  
charge  d e n s i t y  a t  t h a t  i n t e r f a c e .  Th i s  can be r e p r e s e n t e d  by 
e q u a t i o n  A 1 . 9 .
The magni tude  of  t he  component  of  t he  e l e c t r i c  f i e l d  p a r a l l e l  t o  
t he  i n t e r f a c e  between two d i e l e c t r i c s  does not  change on 
c r o s s i n g  t h e  i n t e r f a c e .  T h i s  i s  expr essed  by e q u a t i o n  ( A 1 . 1 0 ) .
The s i g n i f i c a n c e  of  e q u a t i o n  A1. 9  i s  t h a t  i t  s t a t e s  t h a t  l i n e s
of  f o r c e  normal  t o  t he  i n t e r f a c e  between t he  two d i e l e c t r i c s  must
e i t h e r  p r o p a g a t e  ac r os s  t he  i n t e r f a c e  or t e r m i n a t e  on char ges  of  
a p p r o p r i a t e  s i gn  a t  t he  i n t e r f a c e .  Th i s  s t a t e m e n t  can be seen t o  be 
t r u e  because l i n e s  of  f o r c e  were d e f i n e d  as a l ways  s t a r t i n g  a t  a 
p o s i t i v e  char ge  and endi ng a t  a n e g a t i v e  c ha r ge .
Eq u a t i o n  A1 . 10  can be seen t o  be t r u e  by c o n s i d e r i n g  two p o i n t s ,  
P and S, on t he  i n t e r f a c e .  The p o t e n t i a l s ,  Vn and V_,  of  t he s e  twop 5
p o i n t s  w i l l  be u n i q u e l y  d e f i n e d  by v i r t u e  of  t h e i r  be i ng  l o c a t e d  at
t he  i n t e r f a c e .  The work done i n moving a u n i t  char ge  f rom P t o  S or
D j s i n ( 0 j ) - D 2 s i n ( 8 ? ) = Q/A ( A1 . 9)
£ j c o s ( 0 j )  = ( A l . 10)
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v i c e  v e r s a  w i l l  be i ndependent  of  t he  s i d e  t he  i n t e r f a c e  on which t he  
u n i t  char ge  i s  moved. That  i s ,  i n  t he  v i c i n i t y  of  t he  i n t e r f a c e ,  t he  
e l e c t r i c  f i e l d  p a r a l l e l  t o  t he  boundary must be t h e  same in both  
di .el  e c t r  i cs.
The i m p l i c a t i o n s  of  A1. 9  a r e  p a r t i c u l a r l y  r e l e v a n t  t o  the  
f o r m a t i o n  of  e l e c t r e t s .  Where an e l e c t r i c  f i e l d  c r osses  a boundary  
d e f i n e d  by a change i n  t he  d i e l e c t r i c  c o n s t a n t  of  a m a t e r i a l  t h e r e  
must ,  by v i r t u e  of  t h e  above,  be a l a y e r  of  char ge  a s s o c i a t e d  wi t h  
t h a t  boundar y .  The s e p a r a t i o n  of  such charge  ac r os s  bo u nd a r i e s  due 
t o  t r a n s i t i o n s  f rom c r y s t a l l i n e  t o  amorphous,  or  one c r y s t a l l i n e  
ar r angement  t o  a no t h er  c r y s t a l  t o  phase 2 c r y s t a l  must i n e v i t a b l y  
produce an e l e c t r o s t a t i c  char ge  which may be o r i e n t a t e d  t o  f a c i l i t a t e  
t he  f o r m a t i o n  of an e l e c t r e t .
A l . 3 . 6 .  Force on a p o i n t  charge near an ear thed p lane .
When an i s o l a t e d  c h a r g e ,  +q,  i s  p l a ce d  a d i s t a n c e ,  d,  f rom an 
e a r t h e d  c on d u c t i n g  p l a ne  ( F i g u r e  A 1 . 4 )  t he  pr e se nc e  of an e l e c t r i c  
f i e l d  w i l l  cause f r e e  e l e c t r o n s  in t he  conduct or  t o  be a t t r a c t e d  t o  
t he  s u r f a c e .  Th i s  movement of  f r e e  char ge  r e s u l t s  i n  a d i s t r i b u t i o n  
of n e g a t i v e  charge  which can i n t e r a c t  w i t h  t he  p o s i t i v e  char ge  +q.  
The char ge  +q w i l l  t h e r e f o r e  e x p e r i e n c e  a f o r c e  d i r e c t e d  t owards  t he  
s u r f a c e  of  t he  c o n d u c t o r .
Wi th r e f e r e n c e  t o  e q u a t i o n s  A1. 9  and A1 . 10  t he  f o l l o w i n g  
o b s e r v a t i o n s  can be made.
1. The e l e c t r i c  f i e l d  p a r a l l e l  to t he  s u r f a c e  of  t h e  c onduct or  must  
be t h e  same i n s i d e  t he  c o n d u c t i n g  p l a n e  as o u t s i d e ,  and,  s i n c e  
t he  p o t e n t i a l  of  any e a r t h e d  c onduc t or  i s  z e r o ,  must a l s o  tend  
t o  z e r o  near  t he  s u r f a c e  of  t he  c on d u c t o r .
2.  The f o r c e  l i n e s  f rom t he  char ge  +q w i l l  a l l  t e r m i n a t e  normal  t o  
t he  s u r f a c e  of  t h e  c onduc t or  due t o  t h e  p r esence  of  f r e e  
e l e c t r o n s .  Ag a i n ,  t h e  p o t e n t i a l  of  an e a r t h e d  conduct or  i s  
z e r o .  T h i s  means t h a t  t h e  e l e c t r i c  f i e l d  due t o  t he  char ge  +q 
cannot  p e n e t r a t e  i n t o  t he  c on d u c t i n g  p l a n e .
Usi ng symmet ry,  t he  n e g a t i v e  char ge  a t  t he  s u r f a c e  of  t he  
conduct or  c o u l d ,  in t h e o r y ,  be r e p l a c e d  by a n e g a t i v e  charge  of  equal  
magni t ude ,  - q ,  a t  a d i s t a n c e  dj  f rom t he  s u r f a c e  of  t he  c onduc t i ng  
p l a ne  ( F i g u r e  A 1 . 4 ) .  Th i s  n e g a t i v e  charge  would be p l aced  i n such a 
manner t h a t  t he  d i s t r i b u t i o n  of  t he  l i n e s  of  f o r c e  emanat i ng  f rom i t  
would match e x a c t l y  t hose  f rom t he  p o s i t i v e  c h a r g e .  Thus t h e  charge
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+ q sees an i snags c h a r g e ,  - q , in t he  c on d u c t i n g  p l a n e  and t h e r e f o r e  
e x p e r i e c e s  a f o r c e  of  a t t r a c t i o n  due t o  i t .  Ap p l y i n g  Coul omb's Law 
t he  magni tude  of t he  a t t r a c t i v e  f o r c e ,  F j m due t o  t he  image charge  
can be c a l c u l a t e d .
F im = " qq = -  qq ( A l . l l )
4jf€ ( 2 d )  ^ 1 6 c d j£‘
The f o r c e  due t o  t he  pr esence  of  an e l e c t r i c  charge  near  an 
e a r t h e d  c on d u c t i n g  p l a n e  a l ways  d r i v e s  t he  char ge  t owar ds  t he  
c o n d u c t i n g  s u r f a c e  because t he  image charge  i s  a l ways  of  t he  o p p o s i t e  
s i g n .
The i n d u c t i o n  of  an image char ge  i n  an uncharged d i e l e c t r i c  w i l l  
a l ways  occur  i n  t he  same manner as above a l t h o u g h  not  t o  t he  same 
degr ee  so t h a t  uncharged p a r t i c l e s  w i l l  a l ways  e x p e r i e n c e  a f o r c e  
d r i v i n g  them t owards  t he  charged s u r f a c e .  The magni tude  of  t he  f o r c e  
w i l l  however g r e a t l y  depend on t he  number of  f r e e  e l e c t r o n s  i n  t he  
uncharged d i e l e c t r i c  p a r t i c l e  t h a t  a r e  a b l e  t o  move t o  t he  s u r f a c e  in 
r esponse  t o  t he  e x t e r n a l  e l e c t r i c  f i e l d .
I t  i s  p r e c i s e l y  t h i s  e f f e c t  which i s  used i n  e l e c t r o s t a t i c  
p r e c i p i t a t o r s  and f i l t e r s  and which makes them more e f f i c i e n t  than  
s i m i l a r  equi pment  t h a t  does not  employ e l e c t r o s t a t i c  c h a r g i n g .  
F u r t h e r m o r e ,  because e l e c t r o s t a t i c  f o r c e s  a r e  e f f e c t i v e  over  
s i g n i f i c a n t l y  g r e a t e r  d i s t a n c e s  than o t h e r  t ype s  of  p h y s i c a l  f o r c e s  
i n v o l v e d  i n  i n t e r p a r t i c l e  adhes i on  t he  above e f f e c t  can be expect ed  
t o  d r a m a t i c a l l y  i n c r e a s e  t he  number of  i n t e r p a r t i c l e  c o l l i s i o n s  when
an e l e c t r i c a l l y  charged and uncharged powder a r e  mi xed.  Th i s  a spec t
of  e l e c t r o s t a t i c  c h a r g i n g  of  p a r t i c l e s  has been d i scussed  more f u l l y
in Chapt er  1 ( 1 . 2 ) .
Any i n c r e a s e  i n  i n t e r p a r t i c l e  c o l l i s i o n  would p r o v i d e  g r e a t e r  
o p p o r t u n i t y  f o r  i n t e r p a r t i c l e  bonds t o  form so t h a t  i t  shoul d be 
e xpec t ed  t h a t  such m i x t u r e s  would form b e t t e r  o r d e r e d  m i x t u r e s  than  
t o t a l l y  uncharged m i x t u r e s .  T h i s  i s ,  in f a c t ,  t h e  e f f e c t  observed  
wi t h  e l e c t r i s e d  Elcema 6250 and uncharged t r i a m t e r e n e  ( Chapt e r  4 ) .
A l . 3 . 7 .  Capac i tance.
A conduct or  i s  a body which a l l o w s  f r e e  passage of  e l e c t r i c  
char ge  t hr ough i t .  A p a i r  of  i s o l a t e d  c o n d u c t o r s ,  A and B, can s t o r e  
char ge  to an e x t e n t  de t e r mi n ed  by t he  c a p a c i t a n c e  of  t he  system.  The 
c a p a c i t a n c e  of such a system i s  de t e r mi n e d  by t he  geomet ry  and shape  
of t he  conduc t or s  and of  t he  d i e l e c t r i c  p r o p e r t i e s  of t he  medium
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between them.
I f  an amount of  c h a r g e ,  +q,  i s  t r a n s f e r r e d  f rom c onduct or  A to  
c onduc t or  B, a p o t e n t i a l  d i f f e r e n c e  between t h e  two conduc t or s  i s  
g e n e r a t e d .  I f  t he  c a p a c i t a n c e  of  t h e  system i s  d e f i n e d  as t he  amount  
of  char ge  t h a t  must be moved f rom conduct or  A t o  c onduct or  B t o  
produce a change of  u n i t y  in t he  p o t e n t i a l  of  c onduc t or  B w i t h  
r e s p e c t  t o  conduct or  A then t he  r e l a t i o n s h i p  between t he  charge  
d i f f e r e n c e  and t he  c a p a c i t a n c e  can be c a l c u l a t e d  usi ng e q u a t i o n  
A1 . 1 2 ,
C = Q ( A l . 12)
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where C = C a p a c i t a n c e  of  t he  system (qV~* or F ) .
Q = Charge t r a n s f e r r e d  ( q ) .
V = P o t e n t i a l  d i f f e r e n c e  g e n e r a t e d  due t o  t he  t r a n s f e r  of  
t he  char ge  ( V) .
For  a p a r a l l e l  p l a t e  c a p a c i t o r  ( F i g u r e  A1 . 5 )  w i t h  c onduc t or s  of  
a r e a ,  A, and s e p a r a t i o n  , d ,  t h e  movement of  an amount of c h a r g e ,  Q, 
f rom t h e  e a r t h e d  l ower  p l a t e  t o  t he  e l e c t r i c a l l y  i s o l a t e d  upper  p l a t e  
would cause a p o t e n t i a l  d i f f e r e n c e ,  V,  t o  e x i s t  between t he  two 
p l a t e s .  The l i n e s  of  f o r c e  between t he  two c on d u c t o r s  would be 
p a r a l l e l ,  a p a r t  f rom t hose  a t  t he  edges of  t h e  p l a t e s  where some 
d i s t o r t i o n  would occur .  I f  t he  a r e a  of  t he  c on d u c t o r s  i s  l a r g e  in  
compar i son t o  t he  d i s t a n c e  between t he  c on d u c t o r s ,  edge e f f e c t s  can 
be i g n o r e d ,  and t he  e l e c t r i c  f i e l d  between t he  p l a t e s  can be r egar ded  
as be i ng c o n s t a n t  a t  e v e r y  p o i n t .
The d e n s i t y  of  f o r c e  l i n e s ,  D, between two such c onduc t or s  can
be c a l c u l a t e d  as Q/A.  Thus f rom e q u a t i o n  A1 . 2  and A l . 6 t he
c a p a c i t a n c e  of  t he  conduc t or s  can be expr essed as i n  e q u a t i o n  A1 . 1 3 .
C = Q = DA = e £A = e A  ( A l . 13)
V ~V “7 “  T
The c a p a c i t a n c e  of  a p a r a l l e l  p l a t e  c a p a c i t o r  i s  t h e r e f o r e
p r o p o r t i o n a l  t o  t he  c r oss  s e c t i o n a l  a r e a  of  t h e  c on d u c t o r s  and t he
p e r m i t t i v i t y  of  t h e  medium between c o n d u c t o r s ,  and i n v e r s e l y
p r o p o r t i o n a l  t o  t h e  d i s t a n c e  between t he  c o n d u c t o r s .
A l . 3 . 8 .  P o l a r i s a t i o n  d e n s i t y .
Eq u a t i o n  A1 . 13  shows t h a t  t he  pr esence  of  a d i e l e c t r i c  between
t he  p l a t e s  of  a c a p a c i t o r  changes i t s  c a p a c i t a n c e  and t h a t  t h i s
change i s  p r o p o r t i o n a l  t o  t he  p e r m i t t i v i t y  of  t he  medium between the
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conductors. This permittivity, however, is a product of the
p e r m i t t i v i t y  of  f r e e  space ,  c (-}, which i s  c o n s t a n t ,  and t he  r e l a t i v e  
p e r m i t t i v i t y  of  t he  medium, t r> The r e l a t i v e  p e r m i t t i v i t y  of a 
d i e l e c t r i c  i s  t he  r a t i o  of  t h e  a b s o l u t e  p e r m i t t i v i t y  of  t he  medium t o  
t h a t  of  f r e e  space (and i s  t h e r e f o r e  a d i m e n s i o n l e s s  number ) .  Thus 
t he  pr e se nc e  of  a d i e l e c t r i c  between t he  c on d u c t o r s  of  a c a p a c i t o r  
g e n e r a l l y  s e r v es  o n l y  t o  i n c r e a s e  t he  c a p a c i t a n c e  and not  t o  decr ease  
i t .
The i n c r e a s e  in t h e  c a p a c i t a n c e  of  a c a p a c i t o r  due t o  t he
pr esence  of  a d i e l e c t r i c  occur s  because t h e r e  i s  a r e d u c t i o n  in t he  
number of  f l u x  l i n e s  w i t h i n  t he  d i e l e c t r i c  ( A l . 3 . 5 )  and hence a
r e d u c t i o n  i n  t he  e l e c t r i c  f i e l d  between t he  p l a t e s  of  conduc t or s  of  
t h e  c a p a c i t o r .  The dec r e as e  i n t he  e l e c t r i c  f i e l d  i n  t h e  d i e l e c t r i c  
i s  a consequence of  l i n e s  of  f o r c e  t e r m i n a t i n g  a t  t h e  s u r f a c e  of t he  
d i e l e c t r i c  due t o  t he  pr esence  of  an image char ge  i nduced by t he
pr esence  of  an e x t e r n a l  e l e c t r i c  f i e l d .
I f  t he  assumpt i on i s  made t h a t  t he  d i e l e c t r i c  i n  t he  c a p a c i t o r  
i s  a n e u t r a l  body,  i e  c o n t a i n s  no f r e e  c h a r g e ,  t hen t he  image charge
in t he  d i e l e c t r i c  must be due t o  t he  e l e c t r i c  f i e l d  caused by t he
a l i g n m e n t  of  permanent  d i p o l e s .  The o r i e n t a t i o n  of  t he  induced  
e l e c t r i c  f i e l d  due t o  t he  a l i g n m e n t  of  d i p o l e s  w i l l  be o p p o s i t e  t o  
t h a t  of  t he  e x t e r n a l  e l e c t r i c  f i e l d  ( F i g u r e  A l . 6 ) and as a r e s u l t  i t
w i l l  appear  as though some of  t he  charge  on t h e  c a p a c i t o r  has
di  s a p p e a r e d .
The p o l a r i s a t i o n  d e n s i t y ,  P,  can t h e r e f o r e  be d e f i n e d  as the
t o t a l  d i p o l e  moment i nduced i n  a u n i t  volume of  t h e  d i e l e c t r i c .  Th i s  
can be r e p r e s e n t e d  as t he  a p p a r e n t  r e d u c t i o n  in t he  amount of  charge  
s t o r e d  i n  t h e  c a p a c i t o r  due t o  t he  pr esence  of  t h e  d i e l e c t r i c .
d d
P = (1 -  e r ) t 0 A V ( A l . 14)
d
where F‘ = p o l a r i s t i o n  d e n s i t y  (Cm_ i ) .
Cyac = c a p a c i t a n c e  w i t h  vacuum between t he  c o n d u c t o r s .
C = c a p a c i t a n c e  w i t h  d i e l e c t r i c  between t he  c o n d i c t o r s .
A cr oss  s e c t i o n a l  a r ea  common t o  both c o n d u c t o r s .
d d i s t a n c e  between t h e  c o n d u c t o r s .
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For a u n i t  volume of d i e l e c t r i c ,  A=1 and £ = V / d ,  t h e r e f o r e
P = (1 -  Ef ) £ 0 e ( A l . 15)
r e a r r a n g i n g  t o  i s o l a t e  £ r ,
t r = 1 + P ( A1 . 1 6 )
£ 0 £
Eq u a t i o n  A1 . 16  s t a t e s  t h a t  t he  r e l a t i v e  p e r m i t t i v i t y  of  a
d i e l e c t r i c  i s  dependent  upon t h e  degr ee  of  p o l a r i s a t i o n  per  u n i t  
e l e c t r i c  f i e l d .  Thi s  r e l a t i o n s h i p  i s  more commonly expr essed as ,
£r = 1 + Xe ( A l . 1 7 )
where Xe i s  r e f e r r e d  t o  as t h e  t he  e l e c t r i c a l  s u s c e p t i b i l i t y  of  t he  
d i e l e c t r i c .  The e l e c t r i c a l  s u s c e p t i b i l i t y  of  a d i e l e c t r i c  i s  a
measure of  t h e  degree  t o  which p o l a r i s a t i o n  w i l l  occur  when i t  i s
exposed t o  an ex t e r n a 1 e l e c t r i c  f i e l d .
A l . 3 . 9 .  C o n t r i b u t o r s  t o  d i e l e c t r i c  p o l a r i s a t i o n .
The s t r e n g t h  of  t he  i n t e r n a l  p o l a r i s a t i o n  of  a d i e l e c t r i c ,  when 
exposed t o  an e x t e r n a l  e l e c t r i c  f i e l d ,  i s  de t e r mi n e d  by t he  
c o n t r i b u t i o n s  f rom t h r e e  d i f f e r e n t  charge  s ou r c es .
1. The e l e c t r o n i c  p o l a r i s a t i o n ,  «e , produced by t he  o p p o s i t e  
d i s p l a c e m e n t s  of  t he  e l e c t r o n s  and p r o t o n s  w i t h i n  t he  same 
a t oms .
2.  The i o n i c  p o l a r i s a b i 1 i t y , , produced by t h e  o p p o s i t e  
d i s p l a c e m e n t s  of  p o s i t i v e  and n e g a t i v e  i ons  i n t h e  d i e l e c t r i c .
3.  The c o n t r i b u t i o n  f rom permanent  d i p o l e  moments,  «,  due t o  t he  
pr esence  of  complex i ons  or m o l e c u l e s .
The e l e c t r o n i c  p o l a r i s a b i 1 i t y  of  a d i e l e c t r i c  a r i s e s  f rom t he  
f a c t  t h a t  e l e c t r o n s  do not  occupy a p r e c i s e l y  d e f i n e d  o r b i t  around  
t he  n u c l e u s .  I n s t e a d  t he  p o s i t i o n  of  an e l e c t r o n  a t  any g i ven  t i me  i s  
d e f i n e d  by a p r o b a b i l i t y  f u n c t i o n  which can be used t o  p r e d i c t  t he  
most l i k e l y  r e g i o n  t h a t  w i l l  be occupi ed  by an e l e c t r o n .  The 
a p p l i c a t i o n  of  an e x t e r n a l  e l e c t r i e  f i e l d  w i l l  p r o v i d e  a b i a s  t o  t he  
e l e c t r o n ' s  p r o b a b i l i t y  f u n c t i o n  so t h a t  i t  becomes more p r o b a b l e  f o r  
the  e l e c t r o n  t o  be on one s i d e  of  t he  atom than t h e  o t h e r .  Th i s  
changed d i s t r i b u t i o n  of  t h e  p o s i t i o n  of  t he  e l e c t r o n  c r e a t e s  an 
e l e c t r i c  f i e l d  i n  t he  d i e l e c t r i c  i n  r esponse  t o  t h e  a p p l i e d  e x t e r n a l  
e l e c t r i c  f i e l d .  However ,  because of  t he  n a t u r e  of  t he  charge  
s e p a r a t i o n ,  t he  i nduced e l e c t r i c  f i e l d  i s  l o s t  v e r y  r a p i d l y  once t he  
e x t e r n a l  f i e l d  i s  removed.
The i o n i c  p o l a r i s a b i ! i t y  of  a d i e l e c t r i c  depends upon t he
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pr esence  of  a r e g u l a r  a tomi c  a r r a y  of  p o s i t i v e  and n e g a t i v e  atoms,  as 
in a c r y s t a l  of  sodium c h l o r i d e .  The a p p l i c a t i o n  of  an e x t e r n a l  
e l e c t r i c  f i e l d  w i l l  e x e r t  a f o r c e  on t he s e  i ons  and cause them t o  be 
d i s p l a c e d  s l i g h t l y  f rom t h e i r  n a t u r a l  l a t t i c e  p o s i t i o n s .  Al t hough  
t he  i ons  a r e  f i r m l y  f i x e d  i n  t h e  l a t t i c e  t he  smal l  amount of
d i s p l a c e m e n t  caused by t he  p r esence  of  an e x t e r n a l  e l e c t r i c  f i e l d  i s
s u f f i c i e n t  t o  produce an i nduced e l e c t r i c  f i e l d  i n  t he  d i e l e c t r i c .  
Ag a i n ,  as w i t h  e l e c t r o n i c  p o l a r i s a b i  1 i t y , t h e  i nduced e l e c t r i c  f i e l d  
w i l l  d i s a p p e a r  r a p i d l y  once t he  e x t e r n a l  e l e c t r i c  f i e l d  i s  removed.
Many o r g a n i c  compounds a r e  n a t u r a l l y  p o l a r i s e d  as a r e s u l t  of  
t he  r e l a t i v e  e l e c t r o n e g a t i v i t i e s  of  t he  d i f f e r e n t  f u n c t i o n a l  groups
w i t h i n  t he  m o l e c u l e .  Such mol e cu l e s  t h e r e f o r e  have permanent  d i p o l e s
a s s o c i a t e d  w i t h  them.  When an e x t e r n a l  e l e c t r i c  f i e l d  i s  a p p l i e d  to  
such mol e cu l e s  t he  d i p o l e s  w i l l  t r y  t o  a l i g n  t he ms e l v e s  w i t h  t he  
e l e c t r i c  f i e l d .  However ,  because of  t he  n a t u r e  of  t he  mo l ecu l es  i t  
may not  be p o s s i b l e  f o r  d i p o l e s  t o  a l i g n  f u l l y  i n  r esponse t o  an 
e x t e r n a l  e l e c t r i c  f i e l d .  A l t e r n a t i v e l y  t he  i n e r t i a  of  t he  mol ecu l e  
and t he  s t e r i c  r e s t r a i n t s  imposed by t he  n e i g h b o u r i n g  mol e cu l e s  may 
mean t h a t  t he  d i p o l e s  p r e s e n t  may o n l y  a l i g n  t h e ms e l v e s  s l o w l y  w i t h  
t he  e x t e r n a l  e l e c t r i c  f i e l d .  C o r r e s p o n d i n g l y ,  t h e  e l e c t r i c  f i e l d  
i nduced by t he  e x t e r n a l  f i e l d  may t a k e  some t i me  t o  decay a f t e r  t he  
e x t e r n a l  f i e l d  i s  removed.  Thus,  u n l i k e  e l e c t r o n i c  and i o n i c  
p o l a r i s a b i 1 i t y , t he  p o l a r i s a t i o n  due t o  t he  pr e se nc e  of  m o l e c u l a r  
d i p o l e s  may be t i me  dependent .
The c o n t r i b u t i o n  t o  t he  p o l a r i s a t i o n  d e n s i t y  f rom t he s e  t h r e e  
sour ces  above can be q u a n t i f i e d .  I f  t he  number of  atoms or  mo l ecu l es  
per  u n i t  volume i s  N, then t he  p o l a r i s a t i o n  d e n s i t y ,  P,  can be 
r e p r e s e n t e d  as t he  sum of  t he  t h r e e  t ype s  of  p o l a r i s a t i o n  m u l t i p l i e d  
b y N.
P = N ( sa + Kj + /  ( h ) ) ( A l .  18)
Th i s  r e l a t i o n s h i p  can a l s o  be expr essed  i n t erms of  e l e c t r o n i c  
s u s c e p t i b i l i t y .
X e  -  _ P _
Xe = N <oce + 04 + f  < j i ) ) ( A l .  19)
£ 0 C
As s t a t e d  above t he  c o n t r i b u t i o n  of  permanent  d i p o l e s  t o  t he  
p o l a r i s a t i o n  of  a d i e l e c t r i c  i s  dependent  on t h e i r  a b i l i t y  t o  a l i g n  
t he ms e l v e s  w i t h  t he  a p p l i e d  e l e c t r i c  f i e l d .  For  exampl e ,  a h i g h l y
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p o l a r i s e d  lonq cha i n  a c i d  would have d i p o l e s  on t he  car bony l  group 
and t he  mo l e cu l e  i t s e l f .  When exposed t o  an e x t e r n a l  e l e c t r i c  f i e l d  
t he  c a r b o n y l  group would be a b l e  t o  a l i g n  more q u i c k l y ,  by r o t a t i n g  
on i t s  carbon l i n k ,  t han t h e  mo l ecu l e  as a whol e .
Al .3 .10 .  Temperature dependence of permanent dipoles.
When an e l e c t r i c  f i e l d  i s  a p p l i e d  t o  a d i e l e c t r i c  t h e  permanent  
d i p o l e s  p r e s e n t  e x p e r i e n c e  a f o r c e  caus i ng  them t o  t r y  and a l i g n  
t he ms e l v e s  w i t h  t he  d i r e c t i o n  of  t he  f i e l d .  However d i p o l e s  in a 
s o l i d  a r e  not  f r e e  t o  r o t a t e  so as t o  f u l l y  a l i g n  t he ms e l v e s  w i t h  the  
a p p l i e d  e l e c t r i c  f i e l d  due t o  t he  r e s t r i c t i o n  of  n e i g h b o u r i n g  
mo l e c u l e s .  F u r t h e r m o r e ,  t he  mol e cu l e s  a r e  a l s o  s u b j e c t  t o  random 
movements due t o  t he r ma l  a g i t a t i o n  which t ends  t o  d i s o r d e r  any
a l i g n m e n t  due t o  t he  a p p l i e d  e l e c t r i c  f i e l d .  Thus t he  c o n t r i b u t i o n  
of p o l a r i s a t i o n  due t o  permanent  d i p o l e s  may not  o n l y  be t i me  
dependent  but  a l s o  a f f e c t e d  by t e m p e r a t u r e .
For any f r e e l y  moveabl e permanent  d i p o l e  of  moment,  , a t  an 
a n g l e ,  0 , w i t h  t he  d i r e c t i o n  of  t he  a p p l i e d  e l e c t r i c  f i e l d  the  
c o n t r i b u t i o n  of  t he  d i p o l e  t o  t he  t o t a l  p o l a r i s a t i o n  i n t he
d i e l e c t r i c  w i l l  be h c o s ( Q ) .  The p r o b a b i l i t y  t h a t  £N of t h e  d i p o l e s  
a r e  a t  an a ng l e  between 0 and 0+<J0 can be c a l c u l a t e d  usi ng Bol tzmann  
s t a t i s t i c s  (75)  and i s  g i ven  by
2 j rsin ( 0 ) <S0 e ‘ ^ c o s l 6 )  / k T  ( A l .  2 0 )
The t o t a l  e f f e c t  of  a l l  t he  d i p o l e s  can be c a l c u l a t e d  by
c o n s i d e r i n g  a l l  p o s s i b l e  c a s e s ,  f rom 0 =0 , when t he  d i p o l e s  are
p a r a l l e l  t o  t he  a p p l i e d  e l e c t r i c  f i e l d ,  t o  8=x, when t he  d i p o l e s  are  
a n t i p a r a l l e l  t o  t he  a p p l i e d  e l e c t r i c  f i e l d .  Thus,  i n t e g r a t i n g  over  
a l l  t he  a n g l e s  f rom p a r a l l e l  t o  a n t i p a r a l l e l  a l i g n m e n t ,  t h e  t o t a l  
d i p o l e  moment,  £ ,  can be o b t a i n e d .
•x '
j i c o s ( 6 ) 2 x s i n ( 0 ) e “ ), £ , : o s * 8 ) / k T  £ 8
'  0
? = ------------------------------------------------------------------------------------------------- —  ( A 1 . 2 1 )
•x
2 x s i n ( 0 ) e- u £ c o 5 ( 6 ) / kT sd
' 0
This e x p r e s s i o n  can be s i m p l i f i e d  as f o l l o w s  by c a n c e l l i n g  t he  2 x 




x = a c o s ( 8 ) 
x = a si  n ( 8 ) 56
*
uco5 <6 >5 i n ( e > e ' acD5( 6 )  58





jicos ( 0 ) si  n (8)  e ~ x 50
?X
0
si  n ( 0 ) e - x  58
from e q u a t i o n s  A1. 23  and A1. 24
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which f i n a l l y  g i v e s
£ = ( e a + e ~ a ) -  1 ( A1 . 3 0 )
n ( ea -  e - a ) a 
Equa t i on  A1 . 30  i s  an e x p r e s s i o n  of  t he  r a t i o  of  t h e  aver age  moment t o  
t he  t r u e  moment of  a p e r f e c t  assembl y  of  d i p o l e s .  T h i s  r a t i o  i s  more 
c o n v e n t i o n a l l y  r e f e r r e d  t o  as t h e  Langev i n  f u n c t i o n ,  L ( a ) ,  and 
expr essed as e q u a t i o n  A1 . 3 1 .
L ( a )  = c o t h ( a )  -  1 ( A1 . 3 1 )
a
The Langev i n  f u n c t i o n ,  when a p p l i e d  t o  a d i e l e c t r i c ,  g i v e s  a 
measure of  t he  degree  t o  which t h e  m a t e r i a l  w i l l  p o l a r i s e  under  t he  
p r e v a i l i n g  c o n d i t i o n s  of e l e c t r i c  f i e l d  and t e m p e r a t u r e .
I f  L ( a )  i s  p l o t t e d  a g a i n s t  ' a '  ( F i g u r e  A1 . 7 )  i t  can be seen t h a t  
at  ver y  low t e m p e r a t u r e s  or v e r y  h i gh e l e c t r i c  f i e l d s  t h e  f u n c t i o n  
approaches  a l i m i t i n g  v a l u e .  T h i s  i n d i c a t e s  t h a t  under  t hese  
c o n d i t i o n s  t he  a l i g n m e n t  of  t h e  d i p o l e s  i n  r esponse  t o  t he  e l e c t r i c  
f i e l d  i s  v e r y  n e a r l y  p e r f e c t .
For a f r e e l y  r o t a t i n g  d i p o l e ,  when ' a '  i s  much l e s s  than 1, L ( A > 
has a s l o p e  which approaches 1 / 3 .  Under t h e s e  c o n d i t i o n s  i t  i s  
p o s s i b l e  t o  w r i t e ,
L ( a )  = a ( A1 . 3  2 )
At room t e m p e r a t u r e ,  v e r y  h i gh e l e c t r i c  f i e l d s  ( i n  t h e  o r d er  of
O 1
10 7 Vm-M a r e  r e q u i r e d  t o  s a t u r a t e  t he  d i e l e c t r i c .  Thus,  i f  t he
t e m p e r a t u r e  and a p p l i e d  e l e c t r i c  f i e l d  a r e  not  t oo  l a r g e  e q u a t i o n  
A1. 32  can be w r i t t e n  as
w = n2 i  ( A1 . 3 3 )
3 k f
Using e q u a t i o n  A1 . 33  i t  i s  p o s s i b l e  t o  r e p l a c e  t h e  d i p o l e  moment
f u n c t i o n ,  f ( / j )  i n  e q u a t i o n s  A 1 . 18  and A1. 19 w i t h  jj. Thus e q u a t i o n
A1. 18 becomes,
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P = N U g  + ft- + H2 {: ) (A 1.34)
3kT
e q u a t i o n  A 1 . 19  becomes,
Xe = N ( Ke + 0-  + w2 t  ) (A 1 . 3 5 )
c0 e 3kT
and e q u a t i o n  A1 . 17  becomes
f r = l + N  ( f t g + f t j + n ^ C )  ( A1 . 3 6 )
7~ t  J iT T
These t h r e e  e q u a t i o n s  s t a t e  t h a t  f o r  a d i e l e c t r i c  which c o n t a i n s  
f r e e l y  moveabl e permanent  d i p o l e s  t h e  p o l a r i s a t i o n  due t o  an a p p l i e d  
e l e c t r i c  f i e l d ,  e l e c t r o n i c  s u s c e p t i b i l i t y  and r e l a t i v e  p e r m i t t i v i t y  
a r e  a l l  p r o p o r t i o n a l  t o  t he  number of  d i p o l e s  p r e s e n t  and t o  t he  
magni tude  of  t he  e l e c t r i c  f i e l d  but  i n v e r s e l y  p r o p o r t i o n a l  t o  t he  
t e m p e r a t u r e .
A l . 3 . 1 1 .  I m p l i c a t i o n s  of  t empera tu r e  dependent  p o l a r i s t a  i on in 
s o l i d  d i e l e c t r i c s .
The above r e l a t i o n s h i p s  were o b t a i n e d  f o r  d i p o l e s  which were  
f r e e  t o  a l i g n  t hemse l ves  w i t h  an a p p l i e d  e l e c t r i c  f i e l d .  In s o l i d s  
however ,  t h i s  i s  not  a l ways  t h e  case ,  as an ener gy  b a r r i e r  may have  
t o  be overcame b e f o r e  t h e  d i p o l e  can move. Th i s  energy  i s  r e f e r r e d  
to as t he  a c t i v a t i o n  ener gy  and one of  t h e  s i m p l e s t  ways i t  can be 
p r o v i d e d  i s  by h e a t i n g .
When a s o i i d  d i e l e c t r i c  c o n t a i n i n g  permanent  d i p o l e s  i s  h e a t e d ,
t he  p l o t  of  L i a )  a g a i n s t  a w i l l  show a sudden i n c r e a s e  when t he
i n c r e a s e  in t he r ma l  energy  e qu a l s  t he  a c t i v a t i o n  ener gy  n ec es s ar y  to  
a l l o w  f r e e  movement of  t he  d i p o l e s .  T h i s  phenomenon has a 
s i g n i f i c a n t  i m p l i c a t i o n  f o r  t h e  f o r m a t i o n  of  e l e c t r e t s .  When t he  
s o l i d  i s  i n  i t s  hea t ed  s t a t e  t he  d i p o l e s  p r e s e n t  w i l l  be a l i g n e d  w i t h  
t he  a p p l i e d  e l e c t r i c  f i e l d  a l t h o u g h  some d i s o r d e r  w i l l  be p r e s e n t  due 
t o  random t he r ma l  a g i t a t i o n .  I f  i n  t h i s  s t a t e  t h e  t e m p e r a t u r e  i s  
s l o w l y  r e d uc e d ,  t he r ma l  a g i t a t i o n  w i l l  be l e s s  and l e s s  a b l e  t o  
d i s o r d e r  t h e  a l i g n m e n t  of  t h e  d i p o l e s .  E v e n t u a l l y  t he  t e m p e r a t u r e  
w i l l  be such t h a t  t h e r e  w i l l  be i n s u f f i c i e n t  t he r ma l  energy  t o  a l l o w
f r e e  movement of  t he  d i p o l e s  so t h a t  any a l i g n m e n t  p r e s e n t  w i l l
p e r s i s t  even when t h e  a p p l i e d  e l e c t r i c  f i e l d  i s  c o m p l e t e l y  removed.  
A d i e l e c t r i c  t h a t  has been exposed t o  an e l e c t r i c  f i e l d  and 
t e m p e r a t u r e  w i l l  produce a measur abl e  ( d i p o l a r )  e l e c t r i c  f i e l d  and 
w i l l  i n  f a c t  be a c l a s s i c a l  t h e r m o e l e c t r e t .
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A1.4.  Quantum Aspects of  E l e c t r e t  Format i on.
The a p p l i c a t i o n  of  c l a s s i c a l  e l e c r o s t a t i c  t h e o r y  cannot
a d e q u a t e l y  e x p l a i n  a l l  of  t he  char ge  s t o r a g e  e f f e c t s  observed in 
e i e c t r e t s .  I t  has been demonst r a t ed  above t h a t  t h e  a p p l i c a t i o n  of  an 
e x t e r n a l  e l e c t r i c  f i e l d  t o  a d i e l e c t r i c  c o n t a i n i n g  permanent  d i p o l e s  
can produce  an e l e c t r e t  t h a t  e x h i b i t s  both p o s i t i v e  and n e g a t i v e  
e l e c t r i c  f i e l d s  on a p p o s i t e  s u r f a c e s .  Usi ng t h e  same c o n d i t i o n s  on a 
d i e l e c t r i c  t h a t  does not  c o n t a i n  permanent  d i p o l e s  i t  i s  p o s s i b l e  to  
o b t a i n  an e l e c t r e t  t h a t  e x h i b i t s  o n l y  a s i n g l e  t ype  of  e l e c t r i c  f i e l d  
on both f a c e s ,  i e  a monopol ar  e l e c t r e t .  The e x i s t e n c e  of  t h i s  t ype  
of e l e c t r e t  can on l y  be e x p l a i n e d  by c o n s i d e r a t i o n  of  t he  e l e c t r o n i c  
s t r u c t u r e  of  t h e  d i e l e c t r i c  i t s e l f ,  or  t o  be more p r e c i s e  t he  
e l e c t r o n i c  b e h a v i o u r  of  c o l l e c t i o n s  of  atoms or m o l e c u l e s .
A l . 4 . 1 .  Fundamental  concepts :  Wave p a r t i c l e  d u a l i t y .
Modern p h ys i c s  can be c o n s i d e r e d  t o  be based upon two 
f undament a l  c onc ept s .
1. The quantum h y p o t h e s i s  of  P l anck  which s t a t e s  t h a t  energy  i s  not  
i n f i n i t e l y  d i v i s i b l e  but  e x i s t s  as v e r y  smal l  d i s c r e t e  u n i t s  or  
pac k e t s  c a l l e d  qu a n t a .
2.  Mass- ener gy  e q u i v a l e n c e  r e l a t i o n  of  E i n s t e i n  who showed t h a t  
mass i s  a form of  energy  and t h a t  t he  r e l a t i o n s h i p  between t he  
mass of  a body and t he  energy  t o  which i t  was e q u i v a l e n t  coul d  
be d e s c r i b e d  by e q u a t i o n  ( A 1 . 3 7 ) .
E = me2 ( A l . 3 7 )
where E = e ne r gy .
m = mass of  body,  
c = v e l o c i t y  of  l i g h t .
The ener gy  c o n t e n t  of  a quantum p a r t i c l e  i s  not  f r e e  t o  var y  
c o n t i n u o u s l y  but  changes by d i s c r e t e  amounts which a r e  dependent  on 
t he  f r e q u e n c y  of  t he  absorbed or e m i t t e d  ener gy  ( l i g h t ) .  Thi s  
p r o p e r t y  of  quantum p a r t i c l e s  i s  a p t l y  demonst r a t ed  by c o n s i d e r i n g  
p h o t o e l e c t r i c  e m i s s i o n .  E i n s t e i n  showed t h a t  t he  e m i t t e d  r a d i a t i o n s  
(MB not  r e f l e c t e d )  of an i l l u m i n a t e d  body were of  a f i x e d  wave l engt h  
t h a t  was i ndepe ndent  of  t he  i n t e n s i t y  of  t he  i n c i d e n t  i l l u m i n a t i o n .  
F u t h e r mo r e ,  t he  e m i t t e d  r a d i a t i o n s  were not  observed u n t i l  t he  
i n c i d e n t  r a d i a t i o n  was g r e a t e r  than a c e r t a i n  minimum t h r e s h o l d  
f r e q u e n c y .  E i n s t e i n s  o b s e r v a t i o n s  were e m p i r i c a l l y  expr essed by 
P l a n c k ' s  h y p o t h e s i s  which r e l a t e s  t he  energy  of  an e m i t t e d  photon to
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i t s  - f requency,  v.
E = hvr ( A1 . 3 8 )
where h = P l a n c k ' s  c o n s t a n t .
The t o t a l  amount of  ener gy  of  a photon can be d e c r i b e d  i n  two 
d i f f e r e n t  ways usi ng e i t h e r  P l a n c k ' s  or E i n s t e i n ' s  r e l a t i o n s h i p .  The 
t o t a l  e n e r g i e s  of  e q u a t i o n s  ( A I . 3 7 )  and ( A 1 . 3 8 )  a r e  o b v i o u s l y  equal  
as t he y  r e f e r  t o  t he  same photon t hu s ,
E = me^ = h v ( A1 . 3 9 )
The r e l a t i o n s h i p  between t h e  f r e q u e n c y ,  v, and w a v e l e n g t h ,  X, 
a l l o w s  t he  v e l o c i t y  of  t h e  wave t o  be c a l c u l a t e d ,  us i ng  vX. 
S u b s t i t u t i n g  t h i s  v a l u e  f o r  t h a t  of  c ,  t he  v e l o c i t y  of  l i g h t ,  in  
A1 . 3 9  g i v e s
me = h (A 1 . 4 0 )
X
Eq u a t i o n  ( A 1 . 4 0 )  i s  o n l y  v a l i d  fom quantum p a r t i c l e s  but  i s  e x t r e m e l y  
i m p o r t a n t  as i t  g i v e s  t h e  r e l a t i o n s h i p  between t h e  mass of a body and 
i t s  wa v e l e ng t h  and a l l o w s  t he  body bei ng c o n s i d e r e d  t o  be d e s c r i b e d  
as a wave or a p a r t i c l e .
Eq u a t i o n  ( A1 . 4 0 )  was d e r i v e d  f o r  a phot on ,  t hus  photons must  
have both wave l engt h  and mass. The l e f t  hand s i d e  of  ( A1.40> i s  a 
pr oduct  of  mass and v e l o c i t y  and can t h e r e f o r e  be r e w r i t t e n  as 
momentum, P.
P = mpc = h ( A1 . 4 1 )
X
where mp = mass of  a photon.
Th i s  r e l a t i o n s h i p  i s  known as t he  de B r o g l i e  h y p o t h e s i s ,  or  
concept  of  wave p a r t i c l e  d u a l i t y .  The h y p o t h e s i s  i s  a p p l i c a b l e  to  
a l l  quantum p a r t i c l e s  so t h a t  i t  i s  a l s o  p o s s i b l e  t o  c o n s i d e r  an 
e l e c t r o n  as hav i ng  both a mass and w a v e l e ng t h .
me v = h ( A1 . 4 2 )
X
where me = mass of  t he  e l e c t r o n .
v = v e l o c i t y  of  t he  e l e c t r o n .
A l . 4 . 2 .  The Bohr hydrogen atom.
The concept  of  an e l e c t r o n  hav i ng both mass and wave l engt h  was 
ex tended by Bohr t o  e x p l a i n  some of  t he  s p e c t r o s c o p i c  p r o p e r t i e s  
observed f o r  t he  e l ement  hydr ogen.  I f  i s  assumed t h a t  t h e  e l e c t r o n  
in a hydrogen atom i s  moving i n  a c i r c u l a r  o r b i t  ( F i g u r e  A 1 . 8 )  of
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r a d i u s ,  r ,  around t he  p r o t on  t he  e l e c t r o s t a t i c  a t t r a c t i o n  between t he  
pr o t o n  and t he  e l e c t r o n  must be ba l anced  by t he  c e n t r i p e t a l  
a c c e l e r a t i o n  of  t he  e l e c t r o n .  Th i s  e q u i l i b r i u m  can be w r i t t e n  as
,2 _
^e^p
4 * « o ^ 2
me v z = qpqn ( A1 . 4 3 )
where me = Mass of  t h e  e l e c t r o n .
qe = e l e c t r i c  charge  of  an e l e c t r o n  = - q p . 
qn = e l e c t r i c  charqe  of  a p r o t o n ,  
r = r a d i u s  of  t h e  e l e c t r o n s  o r b i t ,  
v = speed of  t he  e l e c t r o n .
= p e r m i t t i v i t y  of  f r e e  space,  
which in t er ms of t he  speed of  t he  e l e c t r o n  i s
v = q ( A l . 4 4 )
T4ir£0 r i
I f ,  however ,  t he  e l e c t r o n  i s  t r e a t e d  as a wave moving i n a 
c i r c u l a r  o r b i t  then t h e  o n l y  o r b i t s  p o s s i b l e  a r e  t hose  which  
cor r espond  t o  i n t e g e r  numbers of  wa ve l e ng t h s  ( F i g u r e  A 1 . 9 ) .  I f  t h i s
were not  t h e  case t he  waveform of  t h e  e l e c t r o n  would be super imposed
on i t s e l f  when i t  was out  of  phase and as a r e s u l t  of  t he  ensui ng
i n t e r f e r e n c e  would soon cease t o  e x i s t .  The p o s s i b l e  o r b i t s  f o r  t he
e l e c t r o n  i n a Bohr hydrogen atom can be d e s c r i b e d  by t he
r e l a t i  onshi  p ,
nX = 2 x r  (A 1 . 45 )
where n = number of  w a ve l e ng t h s  i n  t he  o r b i t  ( 1 , 2 , 3  e t c ) .  
E l i m i n a t i n g  \  us i ng e q u a t i o n  A1 . 42  and combi ni ng t h e  r e s u l t  wi t h  
e q u a t i o n  A 1 . 44  g i v e s
nh = 2 * r q e ( A1 . 46 )
me T4ffe0mer 
and on r e a r r a n g i n g  g i v e s
r n = tgn^h^ (A 1 . 4 7 )
*me qe 2
The s u b s c r i p t  n i n  r n i s  used t o  denot e  t h a t  t h e r e  i s  an o r b i t  
f o r  each i n t e r g e r  v a l u e  of  n. T h i s  v a l u e  of  n i s  known as t he  
p r i n c i p l e  quantum number because i t  u n i q u e l y  d e f i n e s  t h e  s i z e  of  t he  
o r b i t  of  t h e  e l e c t r o n .
A l . 4 . 3 .  Energy l e v e l s  i n  t he Bohr hydrogen atom.
The r e s u l t  of  l i m i t i n g  t h e  o r b i t s  of  t he  e l e c t r o n  i n t h e  Bohr 
atom t o  t hose  d e f i n e d  by t he  p r i n c i p l e  quantum number,  n,  i s  t h a t  t he
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energy  of  each of t h e s e  o r b i t s  i s  a l s o  as p r e c i s e l y  d e f i n e d  as t he  
s i z e  of t he  o r b i t  i t s e l f .  The t o t a l  energy  of  t he  e l e c t r o n  i s  
d e f i n e d  as t h e  sum of  i t s  k i n e t i c  e ne r g y ,  Ek , due t o  i t s  movement  
around t he  nuc l eus  and i t s  p o t e n t i a l  ener gy  Ep due t o  i t s  
e l e c t r o s t a t i c  p o t e n t i a l  V ( r ) .  Thus,
:k = mev 2 = qeEi, „  2 ( A1 . 48)
*r«0 r
and
Ep = - q e 2 ( A1 . 4 9 )
4 * £0 r
The t o t a l  e n e r g y ,  E .^, of  t he  e l e c t r o n  i s  t h e r e f o r e
Et  = Ek + Ep <A1. 5 0 )
Et  = ~q g 2 ( A1 . 51 )
8 * £ ()r
S u b s t i t u t i n g  r n f o r  r us i ng  e q u a t i o n  ( A1 . 4 7 )  a l l o w s  t he  c a l c u l a t i o n  
of t he  p e r m i t t e d  ener gy  l e v e l s  f o r  t he  e l e c t r o n  i n a Bohr hydrogen
a t  om.
Et  = - ” e q e 4 ( f l l . 5 2 )
Btg-^h'-n'- where n = i , 2 , 3 . . e t c
The ener gy  l e v e l s  g i ven  by t h i s  r e l a t i o n s h i p  and t he  s i z e  of  the
o r b i t a l s  t o  which t he y  c or r espond a r e  g i v en  i n T a b l e  A l . l .  The
r e f e r e n c e  l e v e l  f o r  t he  system i s  t aken  t o  be t h e  p o i n t  where n = cc 
because t h e  t o t a l  ener gy  of  t h e  e l e c t r o n  approaches  z e r o  a t  t h i s  
p o i n t .
I t  shoul d  be noted t h a t  because t he  char ge  on t he  e l e c t r o n  i s
such a sma l l  f r a c t i o n  of  a coulomb,  t h e  ener gy  of  an e l e c t r o n  i s
u s u a l l y  d i scussed  i n  t erms of  e l e c t r o n  v o l t s ,  eV,  r a t h e r  than j o u l e s .  
An e l e c t r o n  v o l t  i s  d e f i n e d  as t he  energy  r e q u i r e d  t o  move an 
e l e c t r o n  t hr ough a p o t e n t i a l  d i f f e r e n c e  of  1 v o l t  and has t he
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magni tude 1 . 6 0 2 x 1 0  17 J.  Conver s i on  f rom j o u l e s  t o  e l e c t r o n  v o l t s  i s  
done by d i v i d i n g  t he  ener gy  of  t h e  e l e c r o n  by 1 . 6 0 2 x 1 0 “ ^ *
A l . 4 . 4 .  The Schrod inger  wave f u n c t i o n  and i t s  consequences.
The Bohr hydrogen atom r e p r e s e n t s  one method f o r  p r e d i c t i n g  t he  
p r o p e r t i e s  of  e l e c t r o n s .  An a l t e r n a t i v e  approach t o  p r e d i c t i n g  t he  
p r o p e r t i e s  of  an e l e c t r o n  was p r e s e n t e d  by S c h r o d i n g e r  who showed 
t h a t  a wave e q u a t i o n ,  d e r i v e d  f rom t h a t  used t o  d e s c r i b e  s t a n d i n g  
waves i n a v i b r a t i n g  s t r i n g ,  cou l d  be used t o  c h a r a c t e r i s e  t he  
b e h a v i ou r  of  e l e c t r o n s  i n a s i m i l a r  manner t o  t h a t  d e s c r i b e d  by t he
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Bohr t h e o r y .  S c h r o d i n q e r ' 5  wave t h e o r y  i s  an e x a c t  d e s c r i p t i o n  of  
t he  atom in t h a t  i t  c o n t a i n s  no a p p r o x i m a t i o n s  i n  i t s  f o r m u l a t i o n .  
F u r t h e r m o r e ,  S c h r o d i n g e r ' s t h e o r y  has been found t o  agr ee  wi t h  
e x p e r i m e n t a l  r e s u l t s  when t he  Bohr t h e o r y  does n o t .
W h i l s t  t he  d e t a i l  of  S c h r o d i n g e r s  t h e o r y  i s  beyond t he  scope of  
t h i s  d i s c u s s i o n ,  some of  t he  consequences of t he  t h e o r y  a r e  of  g r e a t  
v a l u e  when c o n s i d e r i n g  t h e  f u r t h e r  devel opment  of  t he  i d e as  p r e se nt e d  
wi t h  t he  Bohr hydrogen atom.
S c h r o d i n g e r s  t h e o r y  r e q u i r e s  t h e  e x i s t e n c e  of  t h r e e  quantum 
numbers.  The p r i n c i p l e  quantum number,  which d e s c r i b e s  t he  t o t a l  
energy  of  an e l e c t r o n ,  p e r f o r ms  t he  same f u n c t i o n  i n  both B o h r ' s  and 
S c h r o d i n g e r ' s  t h e o r i e s .  The r e ma i n i n g  two numbers a r e  t he  a z i mu t h a l  
or a n g u l a r  momentum quantum number ,  1 , which d e t e r m i n e s  t he  o r b i t a l  
a n g u l a r  momentum of  t he  e l e c t r o n  and t he  magnet i c  quantum number,  m, 
which d e t e r m i n e s  t he  o r i e n t a t i o n  of  t he  o r b i t  of  t h e  e l e c t r o n  when 
exposed t o  an e x t e r n a l  magnet i c  f i e l d .  These two quantum numbers a r e  
aga i n  i n t e g e r  v a l u e s  and have t h e i r  l i m i t s  s e t  by t he  p r i n c i p l e  
quantum number,  n.  The a n g u l a r  momentum quantum number i s  a b l e  to  
t a k e  i n t e g e r  v a l u e s  f rom 0 t o  n - 1  and t he  magnet i c  quantum number i s  
a b l e  t o  t a k e  on i n t e g e r  v a l u e s  f rom -1 t o  +1.  O r b i t a l s  in t he  
S c h r o d i n g e r  t h e o r y  a r e  d i s t i n g u i s h e d  by t h e i r  hav i ng  a uni que  se t  of  
quantum numbers.
The r e s u l t  of  us i ng t h r e e  quantum numbers t o  d e s c r i b e  each 
o r b i t  i s  t h a t  f o r  v a l u e s  of t he  p r i n c i p l e  quantum number g r e a t e r  than  
1 t h e  p r i n c i p a l  o r b i t  i s  s p l i t  i n t o  a number of  sub o r b i t a l s  each of  
which i s  a b l e  t o  c o n t a i n  two e l e c t r o n s .
Anot her  consquence of S c h r o d i n g e r ' s wave t h e o r y  i s  t h a t  t he
e l e c t r o n  i s  d e s c r i b e d  in t erms of  a p r o b a b i l i t y  d e n s i t y .  T h i s  means 
t h a t  t he  ex a c t  p o s i t i o n  of  an e l e c t r o n  a t  any moment i n  t i me  cannot  
be d e t e r m i n e d ,  a l t h o u g h  i t  i s  p o s s i b l e  t o  d e f i n e  a r e g i o n  i n space  
f o r  which t h e r e  i s  a h i gh p r o b a b i l i t y  of  f i n d i n g  t he  e l e c t r o n .  These  
r e g i o n s  of  h i gh p r o b a b i l i t y  cor r espond  t o  t he  o r b i t a l s  d e f i n e d  by 
t he  quantum numbers n,  1 and m, and can be r e p r e s e n t e d  by a charge
d e n s i t y  s i n c e  t he  more p r o b a b l e  i t  i s  t h a t  an e l e c t r o n  w i l l  be found
in a p a r t i c u l a r  r e g i o n  then t h e  g r e a t e r  t h e  a p p a r e n t  e l e c t r o s t a t i c  
charge  in t h a t  r e g i o n .
A l . 4 . 5 .  The P a u l i  e x c l u s i o n  p r i n c i p l e .
I f  a c o l l e c t i o n  of  i s o l a t e d  Bohr hydrogen atoms a r e  e x c i t e d
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w i t h  s u f f i c i e n t  ener gy  t o  e n a b l e  t he  e l e c t r o n s  t o  move f rom t he  n=l  
o r b i t  t o  t he  n= 2  o r b i t  w i t h  l owest  ener gy  t h e n ,  a c c or d i n g  t o  
P l a n c k ' s  r e l a t i o n s h i p ,  i t  would be p o s s i b l e  t o  measure a s i n g l e
wave l engt h  of  l i g h t  due t o  t h e  quant a  of  ener gy  e m i t t e d  when t he  
e l e c t r o n s  moved back f rom t he  n = 2  o r b i t  t o  t he  n=l  o r b i t .
I f  t he s e  atoms were then p l a ce d  in a s t r o n g  magnet i c  f i e l d  under  
t he  same c o n d i t i o n s ,  t h e n ,  i n s t e a d  of  a s i n g l e  wa ve l e ngt h  of  l i g h t  
bei ng e m i t t e d  t h e r e  would be two,  a smal l  amount above and below t he  
wave l engt h  observed w i t h o u t  t h e  magnet i c  f i e l d .  T h i s  e f f e c t  i s  
accounted f o r  by a l l o c a t i n g  a f o u r t h  quantum number,  t he  sp i n  number,  
m5 , to each o r b i t a l .  Th i s  quantum number r e f e r s  t o  t he  spi n  of  t he
e l e c t r o n  and i t s  a s s o c i a t e d  e l e c t r i c  f i e l d  as i t  moves i n  i t s  o r b i t
around t he  nuc l e us  and can have v a l u e s  of  + 1 / 2  or  - 1 / 2 .
The reason f o r  t he  appear ance  of  t h e  dual  wave l e ngt h  i n  t he
presence  of  an a p p l i e d  magnet i c  f i e l d  i s  because a s p i n n i n g  e l e c t r o n  
has a s p i n n i n g  e l e c t r i c  f i e l d  which in t u r n  g e n e r a t e s  a magnet i c  
f i e l d .  As t he  e l e c t r o n  can o n l y  sp i n  i n a c l o c k w i s e  or
a n t i - c l o c k w i s e  d i r e c t i o n  t h i s  magnet i c  f i e l d  w i l l  e i t h e r  be a l i g n e d  
or opposed t o  t he  e x t e r n a l l y  a p p l i e d  f i e l d .  I f  t he  e l e c t r o n  has a 
magnet i c  f i e l d  which i s  a l i g n e d  w i t h  t he  e x t e r n a l  f i e l d  i t  w i l l  
r e q u i r e  l e s s  energy  t han i f  i t s  magnet i c  f i e l d  were opposed t o  t he  
a p p l i e d  magnet i c  f i e l d .  Th i s  d i f f e r e n c e  i n  t he  e ner gy  r e q u i r e m e n t s  
f o r  t he  two p o s s i b l e  a l i g n m e n t s  i s  t h e  cause of  t h e  appear ance  of  two 
w a v e l e n g t h s .
The d i f f e r e n c e  i n  t he  ener gy  r e q u i r e m e n t s  due t o  e l e c t r o n  spi n  
a r e  much l e s s  than t he  energy  d i f f e r e n c e s  due t o  e l e c t r o n s  hav i ng  
d i f f e r e n t  1 and m quantum numbers w i t h i n  t he  same p r i n c i p a l  o r b i t .  
W h i l s t  t he  s p l i t t i n g  of  t he  s i n g l e  ener gy  l e v e l s  of  i s o l a t e d  atoms 
i s  on l y  observed under  t he  i n f l u e n c e  of  an a p p l i e d  magnet i c  f i e l d  i t  
e s t a b l i s h e s  t he  i m p o r t a n t  f a c t  t h a t  e l e c t r o n s  have t h e  p r o p e r t y  of  
spi n and t h a t  t h i s  sp i n  can have one of  two p o s s i b l e  d i r e c t i o n s .  
The i dea  i n t r o d u c e d  by S c h r o d i n g e r ' s t h e o r y ,  t h a t  each o r b i t a l  i s  
d e s c r i b e d  by a uni que  s e t  of  quantum numbers,  can be ext ended  t o
i n c l u d e  t h e  sp i n  quantum number.  Such an e x t e n s i o n  was expr essed  by
P a u l i  in h i s  e x c l u s i o n  p r i c i p l e  which s t a t e s  t h a t  no two e l e c t r o n s  i n
an atom may have t he  same s e t  of  f o u r  quantum numbers.
The e x c l u s i o n  p r i n c i p l e  i s  a means of  say i ng  t h a t  each o r b i t a l  
i s  d e s c r i b e d  by a un i que  s e t  of  n,  m, and 1 quantum numbers and t h a t  
t h i s  o r b i t a l  can c o n t a i n  two e l e c t r o n s  o n l y  i f  t he y  have d i f f e r e n t
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s p i n  numbers.  W h i l s t  t he  sp i n  of  an e l e c t r o n  may seem t o  be 
i n c o n s e q u e n t i a l  i t  p r oves  t o  be of  major  concern when c o n s i d e r i n g  t he  
d i s t r i b u t i o n  of e l e c t r o n s  in more c o m p l i c a t e d  atoms and t h e  changes  
in ener gy  l e v e l s  t h a t  occur  when atoms combine t o  form c r y s t a l s  or  
mol ecu l  e s .
A l . 4 . 6 .  S p l i t t i n g  of  energy l e v e l s  due t o  e l e c t r o n  i n t e r a c t i o n .
I f  two of  t he  Bohr hydrogen atoms c o n s i d e r e d  above a r e  a l l o w e d  
t o  approach each o t h e r  so t h a t  t he  o r b i t a l s  of  t h e  e l e c t r o n s  o v e r l a p  
two p o s s i b l e  i n t e r a c t i o n s  a r e  p o s s i b l e  dependi ng on t he  sp i n  of  t he  
two e l e c t r o n s  i n v o l v e d .  I f  t he  sp i ns  of  t he  e l e c t r o n s  a r e  p a r a l l e l  
t he y  cannot  occupy t h e  same o r b i t a l  by v i r t u e  of  t h e  P a u l i  e x c l u s i o n  
p r i n c i p l e .  Th i s  i s  known as t he  a n t i - b o n d i n g  s t a t e .  However ,  i f  
t he  s p i n s  of  t he  e l e c t r o n s  a r e  a n t i - p a r a l 1 e l  then both t he  e l e c t r o n s  
a r e  a b l e  t o  occupy t he  same o r b i t a l .  T h i s  i s  known as t he  bondi ng  
s t a t e .
In both of  t he  above cases a mo l ecu l e  of  hydrogen w i l l  be formed  
a l t h o u g h  i t  i s  o n l y  in t he  l a t t e r  case t h a t  a s t a b l e  e n t i t y  i s
a c h i e v e d .  The hydrogen mol ecu l e  c o r r e s p o n d i n g  t o  t he  f o r mer  case  
w i l l  be much l e s s  s t a b l e  than t h a t  in t h e  l a t t e r  case and w i l l  
t h e r e f o r e  be much more l i k e l y  t o  r e v e r t  t o  i t s  hydrogen atoms.
The e x p l a n a t i o n  f o r  t h i s  b e h a v i ou r  can be seen i f  t h e  e l e c t r o n  
i s  examined in terms of  charge  d e n s i t y .  When t he  o r b i t a l s  of  t he  
e l e c t r o n s  o v e r l a p  t he  p r o b a b i l i t y  d e n s i t y  d e s c r i b i n g  t he  e l e c t r o n s
w i l l  be d i f f e r e n t  t o  t h a t  of  t he  i s o l a t e d  atom.  T h i s  d i f f e r e n c e  i s
r e f l e c t e d  by a r e d i s t r i b u t i o n  of  t he  char ge  d e n s i t y  around t he  
n u c l e i .  Where t h e  e l e c t r o n s  have p a r a l l e l  sp i ns  t h e  charge  d e n s i t y
of  each of  t h e  e l e c t r o n s  w i l l  t end t o  move so as t o  be as f a r  a p a r t
as p o s s i b l e  f rom t he  charge  d e n s i t y  of  t he  o t h e r  e l e c t r o n  ( F i g u r e  
A1 . 1 0 ) .  T h i s  r e s u l t s  in t he  n u c l e i  of  t h e  two atoms be i ng  exposed to  
each o t h e r  and as a r e s u l t  e l e c t r o s t a t i c  r e p u l s i o n  o cc u r s .
I f  t h e  i n t e r a c t i n g  e l e c t r o n s  have a n t i - p a r a l 1 e l  s p i ns  t h e y  can 
both occupy t he  same o r b i t a l .  The two e l e c t r o n s  w i l l  t h e r e f o r e  move 
t o  a p o s i t i o n  t h a t  g i v e s  t he  maximum i n c r e a s e  i n s t a b i l i t y  f o r  both  
atoms.  In p r a c t i c e  i t  i s  found t h a t  t h e  char ge  d e n s i t y  of  t he  two 
e l e c t r o n s  moves so as t o  occupy t he  space between t he  two n u c l e i  
( F i g u r e  A 1 . 1 0 ) .  In t h i s  p o s i t i o n  each of  t he  atoms behaves as though  
i t  has a monopoly on t he  two e l e c t r o n s  a v a i l a b l e  and t h e  s t a b i l i t y  of  
each atom i s  t h e r e f o r e  i n c r e a s e d .  The i n c r e a s e  i n e l e c t r o s t a t i c
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a t t r a c t i o n  t h a t  occurs  as a r e s u l t  of  t h i s  char ge  r e d i s t r i b u t i o n  
h e l ps  t o  f u r t h e r  s t a b i l i s e  t he  a tomi c  bond.  Th i s  t y p e  of  
a s s o c i a t i o n ,  where t he  s h a r i n g  of  t he  o u t e r  e l e c t r o n s  g i v e s  each 
nucl eus  t he  appear ance  of  hav i ng  a f u l l y  occupi ed  o u t e r  o r b i t a l ,  i s  
c a l l e d  a c o v a l e n t  bond.
The p o s s i b i l i t y  f o r  two d i f f e r e n t  t ype s  of  i n t e r a c t i o n  when t he  
e l e c t r o n s  of  a Bohr hydrogen atom o v e r l a p  has an e f f e c t  on t he  
energy l e v e l s  a v a i l a b l e  f o r  t he  e l e c t r o n s  of  t he  two atoms i n a 
m o l e c u l e .  In t he  case of  a n t i - p a r a l 1 e l  s p i n s  t he  a d d i t i o n a l
e l e c t r o s t a t i c  a t t r a c t i o n  r e s u l t s  i n  a s l i g h t  d ec r e as e  in t he  s i z e  of
t he  n=l  o r b i t a l  and as a consequence t he  p o t e n t i a l  energy  of  t he
e l e c t r o n  i s  d ec r e as ed .  I t  shoul d be noted t h a t  because of  t he  way in  
which t h e  p o t e n t i a l  energy  of  an o r b i t i n g  e l e c t r o n  i s  d e f i n e d ,  
d e c r e a s i n g  i t s  v a l u e  means t h a t  i t  becomes more n e g a t i v e  and so the  
e l e c t r o n  has more p o t e n t i a l  ener gy  than p r e v i o u s l y  hence t he  reason  
f o r  t he  i n c r e a s e  in s t a b i l i t y .  For  p a r a l l e l  s p i n s  t h e r e  i s  an
i n c r e a s e  i n  t h e  s i z e  of  t he  o r b i t a l s  and hence an i n c r e a s e  in t he
p o t e n t i a l  energy  of  t he  e l e c t r o n  ( us i ng  t he  argument  above,  t he  
e l e c t r o n  now has l e s s  p o t e n t i a l  e n e r g y ) .
The energy  l e v e l  of  t he  i s o l a t e d  atom has t h e r e f o r e  been s p l i t  
due to t he  f o r m a t i o n  of  a hydrogen mol e cu l e  ( F i g u r e  A l . l l ) .  However ,  
f o r  i s o l a t e d  atoms,  t he  p r o b a b i l i t y  f u n c t i o n  t h a t  d e s c r i b e s  t he  o u t e r  
e l e c t r o n  t h e o r e t i c a l l y  a l l o w s  t h e  e l e c t r o n  t o  be anywhere and not  
j u s t  r e s t r i c t e d  t o  a r e a s  of  v e r y  h i gh p r o b a b i l i t y .  Under t hese  
c i r c u m s t a n c e s  i t  i s  p o s s i b l e  f o r  t he  o u t e r  e l e c t r o n s  of  two Bohr 
hydrogen atoms t o  i n t e r a c t  i n  t h e  manner d e s c r i b e d  above even though  
a hydrogen mol e cu l e  has not  been f or med.  The d egr e e  t o  which t he  
energy l e v e l  of  t he  o u t e r  e l e c t r o n s  a r e  s p l i t  w i l l  be dependent  on
t he  d i s t a n c e  between t h e  two atoms.  I t  i s  t h e r e f o r e  r e a s o n a b l e  t o  
assume t h a t  energy  d i f f e r e n c e s  between t he  p a r a l l e l  and a n t i - p a r a l 1 el  
i n t e r a c t i o n  can va r y  i n a c o n t i n u o u s  manner f rom 0 , when t he  two
atoms a r e  s e p a r a t e d  by an i n f i n i t e  d i s t a n c e  t o  t he  maximum when a
mol ecu l e  i s  for med.
I f  a l a r g e  group of  hydrogen atoms a r e  c o n s i d e r e d  i t  i s  p o s s i b l e  
t o  see t h a t  t he  t h e  o u t e r  e l e c t r o n  of  any one atom can i n t e r a c t  wi t h  
t he  o u t e r  e l e c t r o n  of  any o t h e r  hydrogen atom,  a l t h o u g h  , because of  
t he  P a u l i  e x c u l s i o n  p r i n c i p l e ,  o n l y  one such i n t e r a c t i o n  may occur  a t  
any p o i n t  in t i me  f o r  any g i ven  e l e c t r o n .  The r e s u l t  of  t h i s  i s  t h a t  
t he  o u t e r  e l e c t r o n  of  a Bohr hydrogen atom can r e s i d e  in any one of  a
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l a r g e  number of  c l o s e l y  spaced ener gy  l e v e l s .  Thus,  i n  a group of  
atoms t he  s i n g l e  ener gy  l e v e l s  of  t he  o u t e r  e l e c t r o n  becomes a band 
( F i g u r e  A . 11) w i t h i n  which t h e  e l e c t r o n  i s  r e l a t i v e l y  f r e e  t o  move.  
I t  shoul d be noted t h a t  t h i s  s p l i t t i n g  of  t he  ener gy  l e v e l  occurs  
on l y  i n  t h e  presence  of  o t h e r  atoms and does not  r e q u i r e  t he
a p p l i c a t i o n  of  an e x t e r n a l  magnet i c  f i e l d .
A l . 4 . 7 .  S p l i t t i n g  of  energy l e v e l s  of  e l e c t r o n s  i n  c r y s t a l s .
When a number of  Bohr hydrogen atoms ar e  b r ought  t o g e t h e r  t o  
form a c r y s t a l  t he  number of  quantum s t a t e s  a v a i l a b l e ,  as d e f i n e d  by 
t he  f o u r  quantum numbers,  i s  not  changed.  For exampl e ,  i n  t he
hydrogen m o l e c u l e  each atom s t i l l  on l y  has t h e  same number of n=l  
o r b i t a l s  as t h e  i s o l a t e d  atom.  However ,  in a hydrogen c r y s t a l
c o n t a i n i n g  N atoms t he  s i n g l e  energy  l e v e l  w i l l  be s p l i t  i n t o  N 
energy  l e v e l s  each of  which i s  a b l e  t o  c o n t a i n  two e l e c t r o n s  in  
a ccor dance  w i t h  t he  P a u l i  e x c l u s i o n  p r i n c i p l e  and which i s  c l o s e l y  
r e l a t e d  t o  t he  o r i g i n a l  energy  l e v e l .  The q u a s i - c o n t i n u o u s  bands
t h a t  a r e  formed a r e  known as t he  a l l o we d  ener gy  bands and t h e  gaps 
t h a t  s e p a r a t e  them,  t he  f o r b i d d e n  energy  bands ( F i g u r e  A 1 . 1 2 ) .  In 
a d d i t i o n ,  t h e  out e r most  occupi ed  a l l o we d  ener gy  band i s  known as t he  
v a l e n c e  band as t h i s  i s  where t he  v a l e n c e  e l e c t r o n s  of  an atom 
r e s i d e .  The empty,  a l l o we d  ener gy  band above t he  v a l e n c e  band i s  
known as t he  c on d u c t i o n  band.  I n t e r a c t i o n  between atoms occur s  when 
t he  o r b i t s  of  t h e  e l e c t r o n s  i n t h e  v a l e n c e  band o v e r l a p  w i t h  o r b i t a l s  
of an e q u i v a l e n t  ener gy  i n o t h e r  atoms or m o l e c u l e s .
I f  a h y p o t h e t i c a l  hydrogen c r y s t a l  i s  coo l ed  t o  a b s o l u t e  z e r o ,  
OK, t h e  e l e c t r o n s  w i l l  l ose  energy  and occupy t he  l owest  energy
l e v e l s  a v a i l a b l e  i n  t he  n=l  ener gy  band ( F i g u r e  A 1 . 1 3 ) .  However ,
because o n l y  one e l e c t r o n  i s  c o n t r i b u t e d  by each hydrogen atom h a l f
of t h e  a v a i l a b l e  s u b l e v e l s  i n  t he  n=l  ener gy  band w i l l  be empty.  I f
a smal l  e l e c t r i c  p o t e n t i a l ,  6 V, i s  a p p l i e d  acr oss  t he  ends of  a met re
long c r y s t a l  t he  energy  a v a i l a b l e  t o  any e l e c t r o n  w i l l  be
a p p r o x i m a t e l y  6 x l 0 “ * u eV ( f rom 6 V/m a cr oss  a d i s t a n c e  of  10
n a n o m e t r e s ) .  Th i s  smal l  amount of  ener gy  i s  s u f f i c i e n t  t o  move t he
e l e c t r o n  i n t o  a h i g h e r  energy  l e v e l  w i t h i n  t h e  a l l o w e d  band where i t  
can move under  t he  i n f l u e n c e  of  t h e  a p p l i e d  e l e c t r i c  f i e l d .  The 
hydrogen c r y s t a l  can t h e r e f o r e  be c o n s i d e r e d  as a c onduct or  s c i n c e  
e l e c t r o n s  can f l o w  i n t he  c r y s t a l  when an e l e c t i c  f i e l d  i s  a p p l i e d .
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I f ,  i n s t e a d  of  hydr ogen,  t h e  c r y s t a l  was composed of  he l i um then  
a l l  t he  s u b l e v e l s  in t he  l owest  energy  band would be f u l l y  occupi ed  
because each e l e c t r o n  would have c o n t r i b u t e d  two e l e c t r o n s  ( F i g u r e  
f t l . 1 3 ) .  The a p p l i c a t i o n  of  t he  6 V e l e c t r i c  f i e l d  cannot  t h e r e f o r e  
promote any e l e c t r o n  i n t o  a h i g h e r  energy  l e v e l  w i t h i n  t he  band as 
they  are  a l l  o cc u p i ed .  The ener gy  gap between t he  l o we s t  band where  
n=l  and t h e  nex t  h i g h e s t  ener gy  band where n= 2  i s  of  t h e  o r d er  of  
1 0 eV so t h a t  t he  a p p l i e d  e l e c t r i c  f i e l d  cannot  i m p a r t  s u f f i c i e n t  
energy  t o  move an e l e c t r o n  f rom t h e  n=l  a l l o we d  band t o  t he  n= 2  
a l l o we d  band.  In t he s e  c o n d i t i o n s  no e l e c t r o n  can move under  t he
i n f l u e n c e  of  t h e  a p p l i e d  e l e c t r i c  f i e l d  and t he  he l i um c r y s t a l  i s
t h e r e f o r e  an i n s u l a t o r .  A c r y s t a l  of  L i t h i u m  ( F i g u r e  A1 . 1 3 )  has
t h r e e  e l e c t r o n s  so t h a t  t he  f i r s t  n= 2  s u b l e v e l  would be occupi ed  
a l t hough  on l y  h a l f  f u l l .  L i t h i u m  would t h e r e f o r e  be a c onduct or  in  
t he  same manner as hydrogen.
I f  t h e  c r y s t a l  above were composed of  b e r y l l i u m  ( F i g u r e  A1 . 1 3 )  
then t he  n = 2  s u b o r b i t a l  would be c o m p l e t e l y  f i l l e d  w i t h  e l e c t r o n s  and 
c o n s e q u e n t l y  i t  would be expec t ed  t h a t  b e r y l l i u m ,  l i k e  h e l i u m ,  would 
be an i n s u l a t o r .  T h i s  , however ,  i s  not  t he  case as b e r y l l i u m  does 
conduct  e l e c t r i c i t y .  The reason f o r  t h i s  a p p a r a n t  c o n t r a d i c t i o n  i s  
t h a t  t he  t h r e e  n=2 o r b i t a l s  have o v e r l a p p e d  ( F i g u r e  A1 . 1 4 )  when t h e i r  
c o r r e s p o n d i n g  a tomi c  energy  l e v e l  was s p l i t  i n t o  a band on f o r m a t i o n  
of t he  c r y s t a l .  T h i s  o v e r l a p  a l l o w s  e l e c t r o n s  t o  f r e e l y  move between  
t he  t h r e e  n=2 energy  l e v e l s  a v a i l a b l e .  Thi s  o v e r l a p p i n g  of  t he
energy bands of  t he  n= 2  s u b o r b i t a l s  means t h a t  t he  nex t  i n s u l a t o r  i s  
neon where t he  gap between t he  n=2 and n=3 o r b i t s  i s  wide enough t o  
pr e v e n t  t h e  r e l e v a n t  energy  bands f rom o v e r l a p p i n g .
1 . 4 . 8 .  Energy l e v e l s  i n  impure c r y s t a l s .
Thus f a r  t he  d i s c u s s i o n  has been l i m i t e d  t o  i d e n t i c a l  atoms and 
c r y s t a l s  of  i d e n t i c a l  atoms.  However ,  i n  p r a c t i c a l  t erms such p u r i t y  
i s  ver y  r a r e  and c r y s t a l s  a l ways  have some f o r e i g n  atoms p r e s e n t .
These f o r e i g n  atoms have a v e r y  i m p o r t a n t  r o l e  t o  p l a y  i n t he
mechanism f o r  charge  s t o r a g e  i n monopol ar  e l e c t r e t s .
The e f f e c t  of  f o r e i g n  atoms i s  bes t  examined when c o n s i d e r i n g  a
c r y s t a l  of  an i n s u l a t o r  where t he  v a l e n c e  band has a f u l l  complement  
of  e l e c t r o n s  and t he  c on d u c t i o n  band i s  unoccup i ed .  The i n t r o d u c t i o n  
of f o r e i g n  atoms i n t o  t h i s  c r y s t a l  w i l l  i n t r o d u c e  ener gy  l e v e l s  i n t o  
the  c r y s t a l  t h a t  were p r e v i o u s l y  i n  a f o r b i d d e n  band.  There  a r e  now
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two p o s s i b i l i t i e s  o-f i n t e r e s t .  The f i r s t  occur s  when t he  v a l e n c e  
band of  t he  f o r e i g n  atom l i e s  j u s t  above t h e  v a l e n c e  band of  t he  
i n s u l a t o r  and t he  second when t h e  v a l e n c e  band of  t h e  f o r e i g n  atom 
l i e s  j u s t  below t h a t  of  t he  c on d u c t i o n  band of  t he  i n s u l a t o r  ( F i g u r e  
A l . 15) .
In both cases t he  a p p l i c a t i o n  of  a smal l  e l e c t r i c  f i e l d  w i l l  
f a i l  t o  produce  any movement of  e l e c t r o n s .  However ,  as t he  magni tude  
of  t he  e l e c t r i c  f i e l d  i s  i n c r e a s e d  a p o i n t  w i l l  be reached where an 
e l e c t r i c a l  c u r r e n t  w i l l  f l o w .  The magni tude  of  t h i s  f i e l d  w i l l  be
much l e s s  than t h a t  r e q u i r e d  t o  p r omt ot e  an e l e c t r o n  i n t he  v a l e n ce
band of  t h e  i n s u l a t o r  t o  t he  c on d u c t i o n  band of  t he  i n s u l a t o r .
In t he  f i r s t  case above ,  t h e  e l e c t r i c  f i e l d  was s u f f i c i e n t  t o  
promote an e l e c t r o n  f rom t he  v a l e n c e  band of  t he  i n s u l a t o r  i n t o  t he  
v a l e n c e  band of one of  t he  f o r e i g n  atoms.  The v a l e n c e  band of  t he  
i n s u l a t o r  was no l o n g e r  f u l l  and as a consequence e l e c t r o n s  were a b l e  
t o  move under  t he  i n f l u e n c e  of t he  a p p l i e d  e l e c t r i c  f i e l d .  Such a 
m a t e r i a l  i s  known as a s emi conduc t or  because under  normal  c o n d i t i o n s  
i t  behaves as an i n s u l a t o r  but  i f  an e l e c t r i c  f i e l d  above a s p e c i f i c  
v a l u e  i s  a p p l i e d  i t  becomes a c o n d u c t o r .  In t h i s  case t he  f o r e i g n  
atoms a r e  known as a c c e p t o r  atoms because t he y  a cc ce pt  an e l e c t r o n  
f rom t he  v a l e n c e  band of  t he  i n s u l a t o r .
In t he  second case above i t  was not  p o s s i b l e  f o r  t he  e l e c t r o n s  
in t he  v a l e n c e  band of  t he  c onduc t or  t o  be promoted i n t o  t he  v a l e n c e  
band of  t he  f o r e i g n  atom because t h e  ener gy  gap was t oo wi de.
However ,  i t  was p o s s i b l e  f o r  e l e c t r o n s  in t he  v a l e n c e  band of  t he
f o r e i g n  atom t o  be promoted i n t o  t he  c on d u c t i o n  band of  t he
i n s u l a t o r .  Once promoted e l e c t r o n s  were f r e e  t o  move under  t he
i n f l u e n c e  of  t he  e l e c t r i c  f i e l d  and t he  c r y s t a l  was a b l e  t o  conduct  
e l e c r i c i t y .  In t h i s  case t he  f o r e i g n  atoms a r e  known as donor  atom 
because t he y  donat e  an e l e c t r o n  t o  t he  c o n d u c t i o n  band of  t he
i n s u l a t o r .
In both of  t he s e  cases i t  i s  not  p o s s i b l e  f o r  c onduc t i on  t o  
occur  p u r e l y  as a r e s u l t  of  movement in t he  v a l e n c e  band of  t he  
f o r e i g n  atoms because t he  d i s t a n c e  between i n d i v i d u a l  atoms i s  too  
g r e a t  t o  form a c o n t i n u o u s  ener gy  l e v e l .
Usi ng t h e  p r o p e r t i e s  of  a semi conduc t or  i t  i s  p o s s i b l e  t o
e x p l a i n  how a monopolar  e l e c t r e t  can s t o r e  c h a r g e .  The c l a s s i c a l  
method f o r  f o r mi ng  an e l e c t r e t  i s  t o  p l a c e  a sample on an e a r t h e d  
s u r f a c e  and then t o  expose i t  t o  hea t  and a r e l a t i v e l y  s t r ong
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e l e c t r i c  - f i e l d  (£ >50k V m~ *)  usual  1 y by p l a c i n g  a charged e l e c t r o d e
above,  but  not  in c o n t a c t  w i t h ,  t h e  sample t o  be char ged .  A f t e r  a
p e r i o d  of  t i m e  t he  sample i s  a l l o w e d  t o  cool  w h i l s t  s t i l l  under  t he  
i n f l u e n c e  of  t h e  e l e c t r i c  f i e l d .  For a s emi c o n d uc t e r  t h i s  has two 
i n t e r e s t i n g  consequences.
I f  t he  s emi c onduc t e r  c o n t a i n s  donor atoms and t he  e l e c t r i c  f i e l d  
causes a net  l o s s  of  charge  i n  t he  semi c onduc t or  c r y s t a l  then t he
donor l e v e l s  w i l l  be d e p l e t e d .  E v e n t u a l l y  an e q u i l i b r i u m  w i l l  be
reached where t he  l o s s  of  e l e c t r o n s  f rom t h e  s emi conduc t or  w i l l  be
ba l anced  by t he  i n j e c t i o n  of  f r e e  e l e c t r o n s  i n t o  t he  body of  t he
sample.  I f  in t h i s  s t a t e  t he  semi c onduc t or  i s  coo l ed  t h e r e  w i l l  be 
i n s u f f i c i e n t  e l e c t r o n s  p r e s e n t  i n  t h e  c on d u c t i o n  band t o  f i l l  a l l  t he  
vacat ed  donor  atoms.  As a r e s u l t  t h e r e  w i l l  be a net  p o s i t i v e  char ge  
l e f t  on t he  s e mi c o n d uc t or .
In a s i m i l a r  manner i f  t he  semi c onduc t or  c o n t a i n s  a c c e p t o r  atoms  
and t he  e l e c t r i c  f i e l d  causes a net  i n c r e a s e  i n  charge  in t he
semi conduc t or  t he  a l l  t he  a c c e p t o r  atoms w i l l  become f i l l e d .  The 
vacant  s i t e s  in t he  v a l e n c e  band w i l l  then be occupi ed  by t he
incoming e l e c t r o n s  u n t i l  t h e r e  a r e  no l o n g e r  any unoccupi ed energy
l e v e l s  i n  t he  v a l e n c e  band.  I f  in t h i s  s t a t e  t h e  semi conduc t or  i s  
cool ed t he  excess e l e c t r o n s  a t  t he  a c c e p t o r  s i t e s  w i l l  not  be a b l e  t o
move back t o  t he  v a l e n c e  band.  As a r e s u l t  t h e r e  w i l l  be a net
n e g a t i v e  charge  l e f t  on t he  s emi c o n d uc t or .
I t  shoul d be noted t h a t  i n  both t he s e  cases  i t  has been assumed 
t h a t  e l e c t r o n s  can move f r e e l y  i n t o  and out  of  t he  semi conduc t or  a t  
an e l e v a t e d  t e m p e r a t u r e  but  not  when c o o l .  T h i s  t y p e  of  b e h a v i ou r  i s  
p o s s i b l e  and can be p r e d i c t e d  by c o n s i d e r a t i o n  of  t h e  d i s c u s s i o n
above.
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P r i n c i  p i e  
quantum 
number
Radi  us 
of
or b i  t a l  
( x 1 0 ~ * 2  m )
Energy  
l e v e l  o-f 
or b i  t a l  
( x l O " 15  J )
Energy  
l e v e l  of  
or bi  t a l
( eV )
1 5 2 . 9 2 6 6 - 2 1 7 9 . 5 3 8 8 - 1 3 . 6 0 3 5
2 2 1 1 . 70 6 5 - 5 4 4 . 8 8 4 7 - 3 . 4 0 0 9
3 4 76 . 33 9 7 - 2 4 2 . 1 7 1 0 - 1 . 5 1 1 5
4 8 46 . 8 2 6 2 - 1 3 6 . 2 2 1 2 - 0 . 8 5 0 2
5 1323 . 1659 - 8 7 . 1 8 1 6 - 0 . 5 4 4 1
6 1 905 . 3589 - 6 0 . 5 4 2 7 - 0 . 3 7 7 9
7 2593 . 4051 - 4 4 . 4 8 0 4 - 0 . 2 7 7 6
8 3 3 8 7 . 3 0 47 - 3 4 . 0 5 5 3 - 0 . 2 1 2 6
9 4 28 7 . 0 5 75 - 2 6 . 9 0 7 9 - 0 . 1 6 7 9
10 5 29 2 . 6 6 3 6 - 2 1 . 7 9 5 4 - 0 . 1 3 6 0
Tabl e  A l . i .  Radius of t he  o r b i t a l  and t he  cor r espond i ng  energy l e v e l s  
( i n  Jou l es  and e l e c t r o n  V o l t s )  -for t he  e l e c t r o n  in t he  
h y p o t h e t i c a l  Bohr hydrogen atom.
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F lu x  l i n e s
F ig u r e  A l . l .  L in e s  o f  f o r c e  b e tw e e n  c h a rg e s  o f  o p p o s it e  s ig n .  The  
d i r e c t i o n  o f  th e  f o r c e  i s  in d ic a t e d ,  by tn e  a r r o w h e a d s .
•HI
t q
F ig u r e  A l . 2 .  L in e s  o f  f o r c e  a c t i n g  J e tw e e n  to  c h a rg e s  o f  th e  same s ig n .
P la c in g  th e  c h a rg e  a n y w h e re  on th e  c i r c l e  o f  r a d i u s ,
r ,  w i l l  c a u s e  i t  to  e x p e r ie n c e  a  f o r c e  p u s h in g  i t  away  
f ro m  + q .
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M edium  1
M edium  2
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F ig u r e  A l . } .  C hange i n  th e  d is p la c e m e n t ,  D , a c ro s s  th e  b o u n d a ry  
b e tw e e n  tw o d i e l e c t r i c s  a n d  th e  l a y e r  o f  c h a r g e , O t  
a s s o c ia t e d  w i t h  i t .
F ig u r e  A l . 4 *  Im ag e  c h a rg e  in d u c e d  i n  an  e a r t h e d  c o n d u c t in g  p la n e  due to  
p re s e n c e  o f  a  r e a l  c h a r g e .
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A re a  A
+Q
F ig u r e  A l . 5 *  The p a r a l l e l  p l a t e  c a p a c i t o r  s h o w in g  t h e  l i n e s  o f  f l u x  
b e tw e e n  th e  tw o  p la t e s
+ f  + 4- + + 1- h^ + + f  + + + + 1 +Q
_ _ __ _
D IE LE C TR IC
- Q '
......+  ±-.± ■t- f  i -  - f
F ig u r e  A l . 6 .  E f f e c t  o f  i n s e r t i n g  a  d i e l e c t r i c  b e tw e e n  t h e  p la t e s  
o f  a tn e  c a p a c i t o r  i l l u s t r a t e d  i n  F ig u r e  A l .4 »
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1*0
L ( a )
0 - 5
0
60  1 2 4  5 7 83 9 10
a = p.£/kT
F ig u r e  A l . 7 .  R espo n se  o f  a  p e r f e c t  d ip o le  g a s  to  an  e l e c t r i c  f i e l d  
a s  d e te rm in e d  by tn e  L a n g e v in  f u n c t i o n .  N o te  t h a t  
when a  i s  le s s  th a n  1 th e  s lo p e  o f  th e  c u rv e  a p p ro a c h e s
1 / 3 .
Figure A 1 .8 .  Simplified representation of the hydrogen atom.
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F ig u r e  A 1 .9 *  P o s s ib le  o r b i t a l s  f o r  th e  h y d ro g e n  a tom  i l l u s t r a t e d  i n  
F ig u r e  A l . 8 .
A n t i - P a r a l l e l  s p in s P a r a l l e l  s p in s
F ig u r e  A 1 .1 0 . E le c t r o n  d e n s i t i e s  a ro u n d  h y d rg e n  a to m s w h e re  th e  
s p in s  on th e  e le c t r o n  a r e  p a r a l l e l  an d  a n t i p a r a l l e l .
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EP a r a l l e l
s p in s
A n t i p a r a l l e i  
s p in s
E x ( - 1 3 -6  e V )
R
F ig u r e  A l . l l .  T h e  s p l i t t i n g  o f  tn e  lo w e s t  e n e rg y  l e v e l  i n  th e  h y d ro g e n  
ato m  due to  th e  f o r m a t io n  o f  a  p a r a l l e l  o r  a n t i p a r a l l e l  
h y d ro g e n  b o n d .
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b and
- 1 3 * 6 e V
A llo w e d
e n e rg y
band
F ig u r e  A l . 1 2 . T h e  e n e rg y  bands f o r  a  h y p o t h e t i c a l  c r y s t a l  o f  h y d ro g e n  
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L ith iu m Beryllium
1 3 . Filling of tn e  e n e rg y  levels for hypothetical crystals








Figure A l .1 4 *  Actual filling of the energy levels for the beryllium 
crystal* Beryllium is a conductor because the three 
n —  2 suborbitals have merged to form a continuous 
energy level.






Valence band Valence band
Figure A l .1 5 *  The presence of acceptor levels above a full valence band
will allow conduction by ‘holes' if an electron is promoted. 
The presence of donor levels below an empty conduction band 
will allow conduction if an electron is promoted. Note 
it is possible to nave both donor and acceptor sites present 
simultaneously. Deep traps are acceptor levels which have 
a large energy diffrence between them and the valence band.
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Appendix 2.
A2. Image analysis software source code listings.
The source code lis tings  below represent the software written to perfors image analysis on 
the BBC microcomputer using a sideways rani board and a video d ig itis ing  interface. The fina l 
program to produce isometric drawings of d ig itised images was written in the 'C' programming 
language (222) on a Sinclair QL microcomputer f it te d  with a 512k memory expansion card (giving a 
to ta l of 640k memory) and disc interface.
In general, the image analysis software consists of programs written in BBC BASIC with 
specific routines written in 6502 machine code (221, 223) using the resident assembler of BBC 
BASIC where speed or c r it ic a l timing were necessary. To conserve space the machine code 
sections ware written as independent modules which could be loaded into a specific area of memory 
and run. The area of memory u tilised  for th is  purpose was the unused disc buffer area located 
from & 1200 to &1BFF. Page H2 was allocated for variables used by the machine code routines and 
&1300 to UOFF used for the actual program code.
A ll the code reproduced below has been transferred d irectly  from disc to minimise 
transcription errors. The condensed text of th is  appendix has been employed deliberately to 
prevent problems arising when long code lines are wrapped onto the next line . In addition 
su ffic ien t space is  available to comment the machine code programs without breaking the flow of 
the program.
A ll programs were run using a mode I graphics screen in a disc based BBC system. This 
arrangement le f t  approximately 5.75k of memory for a ll the BASIC programming tasks required. For 
th is  reason several of the BASIC programs are very sim ilar apart from one or two procedures.
A2.1 and A2.2. BASIC program SPR128.
This BASIC program was written to perform general purpose image analysis. I t  is  highly 
dependent on a number of machine code routines described below. I t  allows dig itised images to be 
collected, saved or loaded from disc, lim ited arithmetical manipulation, binary screen dumps, 
access to the operating system command line  interpreter and several other basic functions. This 
program (in a s lig h tly  modified form) was used to obtain dig itised images for la ter processing by 
C0HP0S. Earlier versions of th is  program were called SUPER, short for supervisor program, and 
th is  name may be referred to in some comment lines. Where th is  is  the case program SPR128 should 
be referred to instead.






@X=0:BIN qx(30),gy(30),f$(10):op$=an:lastop$=Bn u ll“
bankl$=*nuir:bank2 $=”n u ir
FOR LZ=0 TO 10: H (LXJ^nulTiNEn





















IF an$=“S“ THEN END
IF an$=“A“ THEN PRQC_analyse :used=TRUE:VDU 22,1 
IF an$=“V“ THEN PRQC.vie* :used=TRUE 
IF an$=“0“ THEN PRQC_oscli :used=TRUE 
IF an$=“L“ THEN PRQC.filer :used=TRUE:VDU 22,1 
IF an$=“S“ THEN PROC_filer :used=TRUE:VDU 22,1 









UNTIL INSTR<“ 12E“ ,a$)>0 
IF an$=“E“ THEN ENBPRQC 
IF an$=“ l “ THEN ?tl200=B ELSE ?&1200=12 
?Stl270=4:?&1272=3:?&1273=&FF: ?&12S0=0:?&1281=1 
?&1282=16:?&1283=17 



















FOR LX=0 TO 16
PR INTTAB <0,LI+3)BLogical colour ";LX 
PRINTTAB(20,LZ+3)"old grey level = “ ;LX?il290 







PRINTTAB(6 8 ,LX+3)* B 
*FX 15,
INPUTTAB(6 8 ,LX+3)VLUEX 
UNTIL VLUE2>=0 AND VLUE7.<=255
IF VLUEX=0 PRINTTAB(6B,LX+3)L7.7&C90 ELSE L7.?Stl290=VLUE7.
UNTIL LX?Stl290=255
FOR LX=0 TQ 16:PRINTTAB(68,L%+3)LX7&1290:NEXT 
PRINTTAB(10,25J“Are these colour defin itions O.K.";







PRINTTAB(20,0)“Procedure f i le r -
PRINTTAB(5,2)"Last operation was"TAB{40,2)lastop$
REPEAT: REPEAT:VDU28,0,10,79,3,12
PRINTTAB(0,5)"Load" TAB(10,5)“Save" TAB{20,5)BE x it“ :an!=SET!
UNTIL IN3TR(“LSE‘ ,al)>0
IF an!="E“ THEN UNTIL TRUE:UNTIL TRUE:PR0C_win:ENBPRQC 
op!=an!
IF opl="L* THEN f i 1e!=FN_f i lenai&e: bank=FN_bank
IF opf=-S“ THEN bank=FN_bank: f ile!=FN_f i 1ensue
CLS
IF op!=*L“ THEN action!=BLQAD f ile s  B+ file !+ “ to bank "+STR$(bank)
IF op!=“SB THE action!=“SAVE bank ”+STR$(bank) + 8 to f i le s  “+ f ile !
IF bank=l THEN bank i!= file l ELSE bank2!=file!
PRINTTAB(5,1) “Curret operation is" TAB 140,1) action!
REPEAT
PRINTTAB(0,5) BBoB TAB(10,5)"New nase/bank" TAB(30,5>"Exit” 
an!=6ET!
UNTIL an!="6 B OR an$=nNB OR an!=BEB 
IF an!=BE“ THEN UNTIL TRUE:UNTIL TRUE:ENDPROC 
UNTIL an!=“GB
IF bank=l THEN bank=8 ELSE bank=l2
IF op!=“LB THEN QSCLI(B*LDAD :0.6.NQVEUPB> ELSE OSCLI{B*LOAD :0 .6 . HOVDNN")
FOR loop=l TQ 4
IF op$=BL- THEN OSCLI(B*L0AD *+ fi1e$+STR!(loop)+" 4000"):?Stl200=loop+bank-1: CALL &1300 








PRINTTAB(0,1)"Bank 1“ TAB(10,1)“Bank 2B:ans=GET-48









FOR locp=0 TQ 4
PRINTTAB(5,loop)"f* ; loop TAB(9,loop)f$<loop)
PRINTTAB(40f 1 oop) nf 8; loop+5 TAB(49,1 ocp)f$• (loop+5)
NEXT
REPEAT
PRINT AB110,6)"Press function key for f i le ,  return for user defined"
*FX 225,48 
anssGET
UNTIL ans>=48 AND ans<=57 OR ans=13
IF ans=13 THEN naael=FN_filenaae2 ELSE nase$=f Kans-48)
REPEAT
CLS
FRINTTAB(10,3)"Current naae is  " TAB(40,3)nai»e$
PRINTTAB(0,6)SPC(70)TAB(10,6)"Yes" TAB(20,6) "No" 
an*=GET*











INPUTTAB(10,2)"Drive is " ,drive l
INPUTTABUO,3)"Directory is * ,d ir l
INPUTTAB(10,4)"Beneric name is  ",naael
PRINTTAB(5,6)®Press function key to attach nase else RETURN*
ans=GET
UNTIL ans>=48 AND ans<=57 OR ans=13
nafltel=":"+LEFTHdrivel,l)+". "+LEFTI{dirl,l)+*."+LEFTI(nafflei,7)












XX=&707YZ=S£00:AZ tcODsKX=USR(iFFFl) : = !Sc74
DEF PR0C_q(txX,tyZ)
IF (qt+n HOD 30=qh THEN ENDPROC
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qx (qt)=tx2 :qy(qt)=tyji 
qt= iqt+l) ROD 30 
ENDPROC
DEF PRGCjiq
















IF POINTTx,y)<=0 THEN ENDPROC
6C0L0,0 :PLOT 69,x,y:fnd=fnd+i:tfnd=tfnd+l
IF cx>8)xx THEN mxx=cx
IF cx<mnx THEN mnx=cx
IF cy>sxy THEN mxy=cy








VDU 3 *FX 3,0 
ENDPROC
A2.3. Machine code prograft DI61.
This is the 6502 Assembler lis tin g  of the machine code routine used by SPR128 to d ig itise  an 
image over a specified number of frames. In order to do th is  the summed values corresponding to 
each pixel must be held as 16 b it numbers. This is done by u tilis in g  both image frames, frame 1 
(&0B to SiOB) holding the most s ign ificant byte of the 16 b it  number and frame 2 (ItOC to &0F) 
holding the least sign ificant byte.
When called, the program expects to find the to ta l number of frames to d ig itise  at location 
&1200. As each frame is captured i t  is  added to the sum of the previous frames. Hhen a ll frames 
have been captured and summed, each pixel value is repeatedly multiplied by 2 u n til a p ixe l, 
anywhere in the dig itised frame, has had i ts  most s ign ificant b it set to 1. The most s ign ificant 
8 b its  of the summed values w ill then be in frame Kraa blocks 8 to &B) and th is  is the data 
saved as the dig itised image.
This method of d ig itis ing  an image ensures that the brightest end of the to ta l average grey 





















JSR d ig it is 2_one_fraae


































































LDX s h if tc tr
BEQ top lins l
LDA 1100











































BEQ d ig itise2 
JMP d ig it is e l 








































































































♦SAVE :0 .6 . DIG! 1300 17FF 1300 
END
A2.4. Machine code prograi DI62.
This is  a second version of the isage d ig itis ing  routine demonstrated in DISI. The only difference 
between BIS2 and DISI is in the method used to process the summed pixel values. In th is  case, once the 
summed pixel values have been collected, the dig itised image is searched to ascertain the maximum and 
minimus brightness levels. The minimum value is then subtracted from the maxi sum value to give the range 
of grey levels recorded. This range of grey levels is  then sapped onto the 256 grey levels available by 
subtracting the ainiau® brightness value fro® each pixe l, aultip ly ing the resulting value by 256 and then 
dividing by the recorded range of brightness values. This method of d ig itisa tion  expands or compresses, 
as appropriate, the recorded grey level range so that i t  always occupies the fu l l  grey level range that 
can be represented by a single frame buffer.























































































































































CHP d iv iso rl 
















.s h if t le f t
DEC counter 






























*SAVE :G.6.DIG2 1300 17FF 1300 
END
A2.5. Machine code program DIB3.
This program is  another variant of the d ig itise  routine. In th is  case the summed pixel 
values are divided by the nuber of frames that have been d ig itised. This action e ffective ly 
calculates the average brightness value for each pixel and thereby helps to reduce the effect of 
any low level f lu tte r  that may be present. No grey scale enhancement is  performed which means 
that th is  routine can be used to collect digitised images for processing by COMPOS.














































































































*SAVE :0 .6 . DIB3 1300 17FF 1300 
END
A2.6. Machine code prograe SUMKATE.
This program operates on two dig itised images that have been stored on disc. The two images 
are added together and then divided by two to produce a th ird  d ig itised image. A ll the necessary 
variables tor th is  program must be supplied by the calling BASIC program i.e . SUPER.
REM SUMMATE... TAKES TWO DIGITISED PICTURES AND ADDS 






























































BNE ADDJHEH 1 
RTS
. BLOCK JiRITE






























LDX ISFILE NOD 256








LDX IDFILE NOD 256




LDX IOFILE NOD 256 





♦SAVE :0.6.SUNHATE 1250 13FF 1250
REN This is an example of how the routine should be used.
$&C00="*L. : 3.S.TEMPI 4000“
$&C20=“*L. sl.S.DIFFl 4000"





REPEAT UNTIL GET$<>“ “
CALL &1250
A2.7. Machine code proqrau DIFFER.
This prograa d ifferentia tes a d ig itised image. The function of th is  operation is  to produce 
an issage where the brightest pixels correspond to those areas where the grey levels are changing
307
rapidly in the original image. I t  is  most often used to determine the position of edges in the 
original image.
The routine scans the original image twice, the f i r s t  pass being horizontal and the second 
ve rtica l. When scanning along or down a line of pixels the program compares adjacent pixels. I f  
the difference between them is positive then th is  value is written to the position corresponding 
to the highest yalue pixel but in a second picture frame. Where the difference is negative the 
absolute value of the difference is  written to the position corresponding to the seallest value 
but in the second picture frame. When performing the second pass the difference between the two 
pixels is compared to that obtained during the previous pass and the larger of the two values 
used.

































LDY M 3 E  
JSR BLOCKJIQVE 
LDA «&01 ’
LDX m b f  
LDY #St7F 
JSR BLQCK_M0VE 
LDA MOO  


































































CMP (DYPIX) ,Y 
BCC DIFFERY2 



























































































LDX IDFILE ROD 256 




LDX ISFILE ROD 256 























*SAVE :0 .6 .DIFFER 1250 13FF 1250
A2.8. Machine code prograa FROHIST.
This program scans a dig itised iaage and coispiles a frequency histogram of how many times
each grey level has occurred. This information is passed back to SPR128 so that the histogram 
can be platted on the screen. The main function of th is  routine was to allow the grey level to 
screen colour assignment to be carried in a determined manner rather than by guesswork.








FOR LX=0 TO 3 STEP 3 














































LDX ISFILE HOD 256 





♦SAVE :0 .6 . FRQHIST 1250 13FF 1250
A2.9. Machine code prograa DUMPER.
This prograa scans a dig itised izage and produces a binary isage (black on shits) using an 
FX80 dot satrix prin ter. During the scan, each pixel is  compared with the value in BACK, i f  i t  
is  less than th is  value then the corresponding pixel in the binary printed izage w ill be white 
otherwise i t  w ill be printed black.



















































































































*SAVE :0 .6 .DUMPER 1300 +100 1300
A2.10 Machine code program DISPLAY.
This routine scans over a digitised image and copies i t  to a 256x256 pixel area in the 
screen display (using mode 1 graphics). During th is  copying the 256 grey levels of the 
d ig itised image are mapped into four grey levels according to a colour table previously 
defined from SPR128 via the COLOURS option. This is a very fast display routine and is 
necessary to p a tia lly  compensate for the fact that the BBC microcomputer cannot display the 












































































































♦SAVE :0 .6 .DISPLAY 1300 +200 1300
A2.ll. Machine code prograi HOVEUP.
The sensory organisation of the BBC microcomputer is  such that i t is  not possible to
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load data d irec tly  into the sideways rani area. To overcome th is  problem dig itised images 
were s p lit  into tour t i le s ,  each 16k long. These t i le s  could then be loaded into the 
screen area ot memory (SPR12B uses mode I graphics and therefore requires 20k of memory) 
in i t ia l ly  and then moved to the destination block of sideways ram using the routine below. 
The program expects to find the paging register value for the appropriate sideways ram 




FOR 11=0 TO 3 STEP 3 
P M  1300 
COPT IX
























*SAVE :0 .fc.HQVEUP 1300 +100 1300
A2.12. Machine code prograe M0VED0WN.
This program performs the opposite of M0VEUP and moves the sideways ram block




FOR 1X=0 TO 3 STEP 3 
P M  1300 
COPT 17.
LDA it 1200 
STA paging_reg 























♦SAVE :0.6.HQVDQHN 1300 +100 1300
A2.13. BASIC progran SUPER version 2.
This version of SUPER d iffe rs  froa that o rig ina lly  presented in that i t  allows the 
display of the dig itised image to he calibrated. This is done using the options HCAL and 
VCAL. The calibration factors obtained are used to convert measurements made in terms of 
screen pixels into physical measurements such as millimeters or micrometers.
IF PAGEOM900 THEN PAGE=&1900:CHAIN":0.B. SUPER"
NODE 1 
PROC.init
REPEAT: PROCmenul: UNTIL an*="eB 
END
DEF PROC_init:@7.=&00020208:BIH qx(30) ,qy(30)
bankl$=Bnul1B:bank2$="null":xcal=2.330508474:yc l=2.347417841
sua=0:5qsum=0:nuin=0
FOR L?.=0 TO lfc:LX?d290=255:NEXT










VDU 24,0;0;1023;1023:28,32,31,39,0:used=N0T TRUEsCLS 
PRINTTAB(0,3)BAnalyse"TAB(Q,4)BViewBTA8(0,5)BGscli" 
PRINTTAB{0,6)"Digitis"TAB(0,7)BVcalBTAB(0,8)sHcalB 





UNTIL INSTR( ’'ADVGQCUH8 ,a n l)>0 
an$=uQ8 THEN END
IF an$=8H8 THEN PROC_hcaI :used=TRUE:REM horizontal calibration
IF an$=*U" THEN PRQC~vcal :used=TRUE:REH vertica l claibration
IF an*=8D8 THEN PROC_digitise:used=TRUE
IF an$="A8 THEN PROC.analyse :used=TRUE:VDU 22,1
IF an$=8V8 THEN PRQC_view :used=TRUE
IF an$=808 THEN PRQC_osdi :used=TRL'E








PRINTTAB(22,0)Procedure d ig itise "
VDU 28,0,31,79,2,12
INPUTTAB(5,3) "Number of frames to d ig itise  "frames 
UNTIL frames>=l AND fraiies<=255
PRINTTAB(5,5)“Hake sure your picture is ready for d ig it is in g 8
PRINTTABf0,7)“fiethod 1" TABt10,7)“Hethod 2"TfiB(2G,7)"Rethod 38
PRINTTAB(30,7)"E x it8
PRINTTAB(0,9)“Method 1 is s h if t le f t  8
PRINTTAB(0,10)“Method 2 is  -sun,/max, *255"
PRINTTABfO,11)“Method 3 is  /frames8
REPEAT
an$=GET$
UNTIL an$=8 l n CR an*=828 OR an$=H38 OR an$=8E8
IF an$=BEB THEN ENDPROC
7H200=frases
PRINTTAB(5,20)“Currently d ig itis in g  "jframes; 8 frames. 8
PRINTTAB<5,21) “Please wait about "jframesH+iO; 8 seconds8
IF an$=8 i 8 THEN *:0 .6 .d iq l
IF anf=828 THEN *:0.6.dig2
IF an$=838 THEN *:0.6.dig3










IF an$=8E8 THEN ENDF'RuC
IF an$=8 l"  THEN ?M200=8 ELSE ?U20Q=12
?S: 1270=4: ?& 1272=3: ?&1273=^FF: ?St 1280=0: ?&128i=i
?&1282=16: ?U 283=17
* :0 .6 .DISPLAY
VDU 8,32,31,39,0,12
ENDPROC
DEF PRGC_cscli:LOCAL cl*:VDU 22,0 




I HP UTLINE" »  » “ c 1 $: CLS: GSCLI (c 1 *)
UNTIL c l*= "“
PRGC_*in:#FX 15,0 
ENDPROC
DEF PROC.colaurs:LOCAL LZ,KZ,VLUEZ 
VDU 22,0:F‘RINTTAB(3,2) “Colour assignments"
VDU 28,0,31,79,4 
REPEAT:CLS 
FOR LZ=0 TO 16
PRINTTAB(0,LZ+3)"Logical colQur";LX 
PRINTTAB(20,LX+3) "old grey level = , ;LI?M290 





REPEAT:PRINTTAB(6 8 ,L7.+3)" ":*FX 15,0 
INPUTTAB(68,LX+3)VLUEX 
UNTIL VLUEZ>=0 AND VLUEZ<=255
IF VLUEZ=0 PRINTTAB (6 8 ,L2+3)LZ?SiC90 ELSE L7.?U290=VLUEX 
UNTIL LX?&1290=255
FOR LX=0 TO 16:PRINTTAB(6B,LZ+3)LZ?&1290:NEXT 





















IF (qt+1) HOD 30=qh THEN ENDPROC 
qx(qt)=txZ:qy(qt)=tyZ:qt=(qt+l) HOD 30:ENDPR0C












IF fnd>0 AND nouse=FALSE THEN fnd=fnd*xcal*ycal:VDl!2:PRINT fnd;:VDU 3: 
?? continued Troa above ?? sua=5ua+fnd:sqsuiB=sqsua+(fnd*fnd):nuffl=nua+l 
IF COUNT>75 THEN VDU 1,13 
ENDPROC
DEF PRQC_test(x,y)
IF x>1023 OR x<0 THEN nouse=TRUE:ENDPROC 
IF y>1023 OR y<0 THEN nouse=TRUE:ENDPROC 
IF POINT(x,y)<l THEN ENDPROC 




LOCAL y l,yh ,y ,inc  
yl=0 :yh=0 :yh=0 :in c=0  
REPEAT
HOVE 0,y:6C0L 3,3:DRAW 1023,y 
y=y+inc:inc=0
HOVE 0,y:GCOL 3,3 :DRAW 1023,y 
IF INKEY(-58) inc=-4*(y<1023)
IF INKEY(-42) inc= 4*(y>0>
IF INKEY(-87) AND yl=0 yi=y:HOVE 0,y:SC0L 3,1:DRAW 1023,y:GC0L 3,3 
IF INKEY(-54) AND yh=Q yh=y:M0VE 0,y:GCQL 3 ,IsDRAH 1023,y:GC0L 3,3 
UNTIL INKEY(-17)
INPUT TAB(Q,12)ndistance in ua =Hdist 
ycal=dist*4/(yh-yl)
PRINT *“Y ca libration is  " ;yca l;“ physical units per pixel*
ENDPROC
DEF PROC_hcal 
LOCAL x l,xh ,x ,inc  
xl=0 :xh=0 :xh=0 :in c=0 
REPEAT
HOVE x,0:GCQL 3 ,3 :DRAW x,1023 
x=x+inc:inc=0
MOVE x,0:6C0L 3,3:DRAW x,1023 
IF INKEY(-122) inc=-4*(x<1023)
IF INKEY(-26) inc= 4«(x>0)
IF INKEY(-87) AND xl=0 xI=x: HOVE x,0:BC0L 3 ,lsDRAW x,1023:BCQL 3,3 
IF INKEY(-54) AND xh=0 xh=x:HOVE x,0:GC0L 3,1:DRAW x,1023:GCQL 3,3 
UNTIL INKEY(-17)
INPUT TAB(0,12)Bdistance in u i =*dist 
xcal=dist*4/(xh-xl)
PRINT *"X calibration is  * ;xca l;“ physical units per p ixel"
ENDPROC
A2.14. BASIC program BCOhPOS.
This BASIC program is the interlace to the machine code program that produces a 
composite image from a sequence of dig itised images. Two functions are performed. The 
program feeds the digitised images to the machine code routine COMPOS, prompting for a new 
disc when necessary, and f in a lly  saves the composite image to disc. The second function, 
during phase2 in procedure ANALYSE, is  to the floating point calculations that would be too 




















































*LGAD :0 .6 .COMPOS 
CLS
INPUT" What is  the generic f i le  name "gnaael
INPUT" Number of f i le s  to process"sax
INPUT" Maxiiauffi grey level for background e lim ina tion  "aback
PRINT"Please insert the disc containing f i le s  "jgnases; 1 to 6 in drive 1/3*








FOR file s = l to max
IF f i le s  HOD 6=1 AND f i le s ) l  PRINT''Please insert disc with f i le s  "gnames*;" " ; f i le s ; “ TO
?? continued froa above ?? ® ;filss+6 ;* into drive 1/3*
IF f i le s  HOD 6=1 AND file s M  THEN PRGC.noisy
IF f i le s  MOD 6=4 or f i le s  NOD 6=5 or f i le s  MOD 6=0 then dr$=*3* ELSE dr$=“ l"
FOR block=l to 4 
block$=STRf(block)
?route=7+block































ap=( (?isaxps-?ffiinpx)/2+(?ffiaxpy-?fflinpyi/2 )A2*PI 
ac=( (?siaxcx-?fflincxi/2+(?i8axcy-?aincy)/2)A2*PI 
IF ap>0 THEN tiap={!sump) /ap ELSE tiap=0 
IF ac>0 THEN tiac=(!sunic)/ac ELSE tiac=0
IF ?sa:<bp>=(?isaxfcc)-3 AND tiap<=tiac AND tiap>0 AND tiac>0 THEN ?routs=2 
IF ?route=2 then call_copypc 




A2.15. Machine code prograi COMPOS.
This proqraa performs the task of examining a sequence of d ig itised images and constructing 
a composite image which shows a ll the adherent particles in focus. As Triamterene fluoresces 
when exposed to u ltra  v io le t lig h t the composite image is formed using a number of simple rules 
re lating to the brightness, to ta l area and perimeter of non background areas that are discovered. 
A more comlete discussion of the rules used to define an area in focus can be found in Chapter 3 
(3.1.3.6).
REM a basic program to assemble















































FOR LX=0 TO 3 STEP 2 
PX=code+&100 
[ OPT L2











































This routine pushes the x and y values of a non background pixel onto the x and y queues.
32?
The actual values to be pushed onto the x and y queues are passed to the routine in the variables 
genx and geny. The queue routine (and its  converse unqueue) is  intimately involved in the 'grass 
f i r e  burn' algorithm (209) used to determine the extent of an area of non background pixels.
The X and Y coordinate queues are only 256 bytes (ie 1 page) long so that i f  an unusually 
large or convoluted area of non background pixels is  examined they may becoae fu l l .  There is , 
however, su ffic ien t redundancy of information in the queue (ie X,Y coordinate pairs appearing 
sore than once) that X,Y coordinate pairs can free ly be discarded when th is  occurs.













This routine performs the reverse of 8 UEUE as i t  pulls tao values o ff the X and Y 
coordinate queues and assigns them to genx and geny respectively. I f  the queue is  empty (ie  an 
attempt is  made to pull o ff more data than aas pushed onto the queue) then qflag is  set to ItFF so 
that the ca lling  routine can easily test fo r a queue underfloa.
LDX qheadptr 

















This routine alloas a pixel value to be read from, or a ritten  to , a d ig itised image using
x and y coordinates that vary betaeen 0 and 255. Benerally, the current d ig itised image
(referred to as PIC ) a i l l  be stored in sideaays ram pages B to fcOB and the composite image 
(referred to as COUP) a i l l  be stored in sideways ram pages &QC to &QF. Using th is  information 
the sain section of the routine, saraa_ra, can be used to calculate the memory address of an x,y 
coordinate re la tive  to the sta rt of a frame buffer area. Qnce th is  has been done adding the
correct frame buffer address ( set by calling either pic_ra or comp_ra ) w ill access the
appropriate pixel in either PIC or COHP.
326
I f  the carry flag is set, the value passed in the ft register Mill be Mritten to the 










































Mhen a non background area is being exaained to detereine its  extent i t  is necessary to 
aark each pixel in soae May to shoM that i t  has been exaained to prevent the 'grass fire  burn' 
algoritha froa becoaing locked into an endless loop. In COHPOS this is done by using tHo 256x256 
b it arrays located in screen eeeory. When a pixel in a fraae buffer has been exaained the
corresponding bit in the bit array is set to 1. In vieM of their function these bit arrays are
knoMn as audit tra ils . Paudit_ra and caudit_rM perfora exactly the saae function as pic_rM or
















































’  LDA ■ask
EOR l&FF




This routine is  e ffective ly a preprocessor for phase2. Its  only function is  to exaaine 
the current d ig itised picture (PIC) and set any pixel whose value is  less than or equal to the 
value in BACK to zero. This clipping operation is  necessary to isolate the bright areas of the 
ieage froa each other.
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LDA #B
































This routine scans the current d ig itised isage (PIC) u n til i t  finds a non background 
pixel. The extent of th is  area is then deterained and s ta tis tic s  relating to the brightness, 
area and periaeter collected. During th is  search the saae area in the coaposite iaage (COHP)is 
also searched. I f  a non background pixel is  found in COMP then cflag is set to a non zero value. 
Nhen the area in PIC has been exaained and cflag is  found to be non zero then the saae procedure 
is  carried out for the non background area in coap. Once the relevant s ta tis tics  for the areas 
in PIC and COUP have been collected the routine exits to BASIC where the floating point
calculations necessary to deteraine which area is aore 'focussed' are carried out.
Any area discovered in PIC which is  less than 2 pixels in size is  deleted froa pic as i t


































This routine in it ia lis e s  the variables used Hhen the extent of a non background area is  












This routine is  part of the area deteraination. I t  exaainines the eight pixels around the 













































This routine is  e ffective ly  a eu ltip le  branch (s ia iia r to the swith coasand in '( 
actual subroutine called is deterained by the value in route.
LDA route 
CHP t&OG 
BNE router 1 
JHP pointpc





















This routine in it ia lis e s  the variables used to co llect the s ta tis tic s  relating to the'non 
background area about to be deteriined in PIC. The value of route is  set such that routine 






















This routine deteraines the extent of the non background area in PIC updating the
appropriate s ta tis tic s  as i t  progresses. When a non background pixel is  exaained here, the
equivalent pixel in COMP is  also exaained. The f i r s t  occurrence of a non background pixel in 
coap causes the variable cflag to be set to &FF and the X,Y coordinate of that pixel to be placed
in cscanx and cscany. Once a non background pixel has been found in COMP no further


























































This routine essentially perforas the saae action as pointpc except that i t  

















This rodtine is  called during the deteraination of the extent of the non background area 







































































INC tota lc 





This routine erases the audit t r a i l  and current area in CQHP in readiness fo r the current 


























This routine copies the current non background area in PIC to CORP. The area in PIC and 



















































This routine clears the sideways raa area allocated for the composite picture (ie area 
C0.1P) in preparation for the compilation of the composite d ig itised iaage. This routine is only 




























This routine aoves the contents of a 16k sideways raa block in the COUP frame buffer into 




























♦SAVE :0 .6 .COMPOS 1200 18FF 1300
A2.16. 'C' prograa PROFILE.
This is  the prograa used to produce the isoaetric projections of the dig itised iaages shown 
in Chapter 1 and Chapter 3. The prograa is written in the 'L a ttice ' version of the 'C' 
programing language (222) distributed by Netaconco for the Sincla ir QL. This fa c i l i ty  was not 
available u n til several souths a fter collection of d ig itised isages was complete.
The prograa requires a QL with a einiraa of 256k expansion Esmory to function and allows 
several operations to be perforssd on a d ig itised i&age besides the production of an isoaetric 
p lo t. Most of these routines were used to produce the isoaetric iaages used in Chapter 1 to 
demonstrate the various properties of d ig itised iaages and to deaostrate how they can be 
aanipulated.
I t  should be noted that th is  prograa was written in approxiaately two weeks (starting with 





Iinclude "ra ffl^ lia its_h"
Idefine newline 10 
Idefine forafeed 12 
Idefine esc 27 
Idefine picaax 256 




char in f i le n  = 'flpl_filenase_extension_etc*;
unsigned char (*s_pic)[picsax][picaax]; 
unsigned char (*d_pic)Cpiceax3Epicaax]; 
unsigned char (*prof_pic)Cprofxaax3Cprofyiax];





s j i c  = (unsigned char (*)[picaiax3Cpicaax3) g e t a s s (65536); 
d_pic = (unsigned char (*)[picaax][picaax3) qetssis(65536); 




a c t i o n j s e n u O ;
choice = (char) qetc(stdin);






setae*(s_pic, 65536, 0); 




unsigned short i,j; 
for (i=0; i<=255; i++)
{
for (j=0; j<=255; j++)
{





unsigned short i, j, k; 
int nsua;
for (i=0; i<=255; i++)
{
for (j=0; j<=255; j++)
{
nsua = 0;
for (k=l; k<=32; k++)
{
nsua + s lint) ( d r a n d 4 8 0 *  4.0 );
3






unsigned short i,j; 
int below; 
d s ( ) ;
printf C \ n \ n P l e a s e  enter the value to clip at \n\n - - > *);
s c a n f C  Xd*,&below);
for (i=0; i<=255; i++)
{
for (j=0; j<=255; j++)
{






unsigned short i,j; 
int newaax, temp; 
cls();
p r i n t f C \ n \ n P l e a 5 e  enter the new aaxiaua value \n\n - - > *);
s c a n f C  Xd", inewaax);
p r i n t f (* Newaax is Xd\n\n', newaax);
for (i=Q; i<=255; i++)
{
for (j=0; j<=255; j++)
{
teap = (int) (newaax * (*s_pic)Ci3Cjl);






int biggest = 0; 
int smallest = 500; 
unsigned short i ,j; 
for (i=0; i<=255; i++)
{
for (j=Q; j<=255; j++)
(
biggest = aax((*s_pic)[i3[j3, biggest); 




for (i=0; i<=255; i++)
{
for (j=0; j<=255; j++)
{






unsigned int teap; 
unsigned short i,j; 
for (i=i; i<=254; i++)
{
for (j=l; j<=254; j++)
(
342
tesp= (ts_p ic )ti3 [j3 ; 
teiap*=B;
teffip+={*s_pic)C1-13Cj-13+(*s_pic> £i-13Cj3+(*s_pic)Ci-I]£j+13; 
tenp+=(*s_pic)ti 3 C j-i 3+(*s_pic)Ei3Ej+13; 
tei#p+=(*5_pic)[i+l][j-13+(»5_pic)[i+13[j3+(*5_pic)[i+13[j+13; 






in t i , j , k ;
for (1=0 ; i<picaax-i; i++)
(
for (j=0 ; j<pic»ax-l; j++)
{
k= (*s_pi c)Ci 3 Cj3*5-(*s_pic)ti+13Cj3-(*s_plc)Ci-13 Cj 3-(*s_pic)£i3Cj+13-(-»s_pic> t i l t j - 1 3 ;  
k=(k>255) ? 255 : k; 








unsigned char (*temp)Cpic»ax3tpiciax3; 
teap = s_pic; 
s_pic = d_pic;




p rin tf ("The current f i le  naae is --> X s * ,in file ); 
p r in t f ("\n\nPlease enter new name or *CR'.\n\n—>*); 
scanf CXs", in f i le ) ;
du»p_it()
(
in t i , j ;
fprintffserp/XcXcXcXcXc", esc, 51,24,13,10); 
for (j=profyaax-l; j)= 0 ; j - - )
{
fp rin tf(se rp , "XsXcXcXcXcZc"," 1,esc,42,1,0,3);
fo r (i=0 ; i<=profxaax-l; i++)
{











struct RE6 S in,out; 
in.DO = 0x20; 
in.D3 = - i ;




in t x,y l,yh ;
{
in t loopctr,ychar,yb it,flag; 






case 0 : flag=254;break; 
case 1 : flag=253;break; 
case 2 : flag=251;break; 
case 3 : flag=247;break; 
case 4 : fiag=239;break; 
case 5 : -f 1 aq=223;break; 
case 6 : flag=191;break; 






in t x,y l,yh ;
{
in t loopctr,yb it,ychar,flag; 
fo r (loopctr=yl; loopctr<=yh; locpctr++) 
{
ychar=loopctr»3; 
ybit=loopctr k 7; 
switch (ybit)
{
case 0 : fla g= l; break; 
case 1 : flag~2 ;break; 
case 2 : -flag=4;break; 
case 3 : flag=8 ;break; 
case 4 : flag=16;break; 
case 5 : flag=32;break; 
case 6 : flag=64;break; 






p ro file !)
{
in t xbase,ybase,ytop,oldy,hwy; 
in t  i , j ;
fo r (i=0 ; i<=profx«ax-l; i++) 
fo r (j= 0 ; j<=sprofyaax-1; j++)
(♦prof_pic)£i3[j]=0; 
fo r !j=254; j>=0; j-=2)
{   ....................................
aldy=j;






i f  (hwy>=oldy)
{
blankline(xbase,ybase,oldy); 















loa d file !)
{
in t re tco de ,iJ ;
i f  ( (in file_ fp = fo pe n (in file ,"r*) ) == NULL)
{
p r in t f( * \F ile  Is doss not exist\n \n*, in f i le ) ;  
re tu rn !0 );
}
fo r !i=255; i >=0; i —)
{
fo r (j=255; j>=0; j - - )
{




i f  (retcode != 0 )
{
p r in t f !*  Probleas closing Xs\n*, in f i le ) ;  






in t i ;
for ( i=0; i<=255; i++)
{
(#5_pic)[iJ[0] = 0;
{*s_p ic)[i][p icsax] s 0;





/*  presents a l is t  of possible actions to do to *(*s_pic)[ * / 
{
d s () ;
p rin tf *\n Current f i le  naae is --> X s ",in file );
p rin tf *\n\n Action «enu: use f i r s t  le tte r to indicate choice
p rin tf "\n F)ilena®e.");
p rin tf "\n Smoothing f i l t e r . * ) ;
p rin tf *\n E)nhance contrast.*);
p rin tf “ \n R)educe contrast.*);
p rin tf "\n O lip . * ) ;
p rin tf ■\n P )ro file . *);
p rin tf *\n H)ean of 32 fraaes with white noise added. *);
p rin tf "\n D)uap p ro file  to p rin te r.") ;
p rin tf "\n L)oad current specified f i le . " ) ;
p rin tf "\n K)hite noise added.");
p rin tf ■\n lA)placian sharpening f i l t e r . " ) ;
p rin tf ■\n D r if l  edges to zero*);
p rin tf "\n 0)u it the prograa.");
p rin tf *\n\n Input is  — >");
}








case ' f ':
get_infile_nase(); i *  get naie of f i le  to operate on * /  
break; 
case ' t ':
tria_edges(); /*Set the 1 pixel border at the edge of an iaage to zero * / 
break; 
case ‘s ':
sii)Dothing_filterI); /« 3x3 saoothing f i l t e r  * / 
break; 
case 'e ':
enhance_contrast(); /*  contrast enhanceaent grey range -> 0 to 255 * / 
break; 
case ‘c ‘ :
c l ip !) ;  /*  set anything <= d ip va l to zero * / 
break;
case 'p ':
p ro f i le d ; /*  hidden line  resoval p lot of *s_pi into pic *1 
break; 
case 'd ':
d u ip _ it( ) ;/*  duap p ro file  to printer * /  
break; 
case ‘ l 's
lo a d f ile i) ;  /*  load the f i le  specified by in f i le  * / 
break; 
case V :












printfC \nNo such option ???????"); 
break;
C h a p t e r  7.
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